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Biofuels have attracted significant interest as renewable and cleaner 
alternative to petroleum-based fuels. Acid catalysts have been widely used for 
the key reactions in biofuel production. Nevertheless, the currently available 
homogeneous and heterogeneous acid catalysts suffer from many drawbacks. 
The aim of this thesis is to develop novel acid-functionalized magnetic 
nanoparticles (MNPs) as active and recyclable solid acid catalysts for the 
efficient production of biofuel. 
 
Waste grease is an attractive feedstock for biodiesel production. We 
developed, for the first time, active and recyclable magnetic nano-size solid 
acid catalyst SO3H-PGMA-MNPs for efficient esterification of free fatty acid 
(FFA) in grease to produce biodiesel. The SO3H-PGMA-MNPs catalyst 
consisting of iron oxide MNPs core, poly(glycidyl methacrylate) (PGMA) 
shell, and sulfonic acid (SO3H) surface groups was prepared in 98% yield 
from PGMA-MNPs, with size of 90 nm and acid capacity of 2.3 mmol g−1. 
Esterification of FFA (16 wt%) in grease with methanol using SO3H-PGMA-
MNPs gave 96% conversion of FFA to FAME. The catalyst was magnetically 
separable and showed no loss of productivity during 10 cycles. The catalyst 
performance was much better than that of Amberlyst 15. The developed 
magnetic nano-size solid acid catalyst enables the efficient esterification of 




A novel, active, and recyclable magnetic nano-size solid acid catalyst HPW-
PGMA-MNPs was developed for the high-yielding transformation of waste 
grease to biodiesel via simultaneous esterification of FFA and 
transesterification of trigyceride. The HPW-PGMA-MNPs catalyst consisting 
of iron oxide MNPs core, PGMA shell, and phosphotungstic acid (HPW) 
surface groups was prepared in 93% yield from PGMA-MNPs, with size of 90 
nm and acid capacity of 1.13 mmol g−1. One-pot transformation of grease 
(21.3 wt% FFA) with methanol using HPW-PGMA-MNPs gave 98% FAME 
yield, with 96% conversion for the esterification and >98% conversion for the 
transesterification. The catalyst was magnetically recoverable and retained 
95% productivity in the 10th cycle. The catalyst demonstrated much better 
performance than that of Amberlyst 15, Purolite CT-275, and zeolite. The 
developed magnetic nano-size solid acid catalyst is potentially useful for the 
green and economic production of biodiesel from waste grease.  
 
Lignocellulosic biomass is a sustainable and abundant feedstock for the 
production of bioethanol and other chemicals. A key challenge in utilizing 
lignocellulosic biomass is its hydrolysis to fermentable sugars. In this thesis, 
magnetic nano-size solid acid catalyst SO3H-PGMA-MNPs were explored for 
the hydrolysis of biomass and demonstrated high catalytic performance, giving 
86% xylose yield from the hydrolysis of palm empty fruit bunch (PEFB) and 
80% total sugar yield from the hydrolysis of PEFB in ionic liquid. The catalyst 
was magnetically separable and retained 81% productivity in the 2nd cycle of 
PEFB hydrolysis. It showed much better performance compared to Amberlyst 
15 and Nafion NR50. The magnetic nano-size solid acid catalyst is potentially 
xi 
 
useful for the environmentally benign utilization of lignocellulosic biomass 
such as PEFB. In addition, the SO3H-PGMA-MNPs is useful for the 
hydrolysis of starch to glucose, giving 82% glucose yield and retaining 100% 
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The gradual depletion of worldwide petroleum supply coupled with the 
volatility of oil prices and the urgent demand to mitigate greenhouse gases 
emissions have triggered the development of sustainable, affordable, and clean 
energy alternatives. Among many energy alternatives, biofuels have been 
portrayed as the most prominent energy sources.1-3 Biofuel generally referred 
to any sort of fuel manufactured from biomass. The most common and 
extended biofuels are biodiesel and bioethanol. There is a progressive upward 
trend in worldwide biodiesel and bioethanol production in the past few years 
(Figure 1.1).  
 
 
Figure 1.1 Worldwide annual biodiesel and bioethanol production (2000-2011).4 
 
Biodiesel is a substitute fuel to petroleum-based diesel which comprises of 
mono alkyl esters of long chain fatty acids derived from vegetable oils or 
animal fats.5 It is compatible to be used in unmodified diesel engines and has a 
comparable performance to petroleum-based diesel.6 In addition to the 
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renewable and biodegradable characteristics, the other advantages of biodiesel 
over petroleum-based diesel are higher flash point (leading to safer usage, 
handling, and storage), higher lubricity (leading to longer engine life and 
reduced maintenance cost), non-toxicity (no sulfur and aromatic content), and 
cleaner emission profile.7,8 Biodiesel can be used in neat form (B100) or 
blended with petroleum-based diesel in ratios of 5% (B5) or 20% (B20). 
Presently, it is the most widely employed biofuel in Europe.8 
 
The other prevalent type of biofuels is bioethanol, which is recognized as a 
suitable replacement for petroleum-derived gasoline. It is commonly 
employed as a blend up to 85% (E85), while the neat form (E100) is widely 
employed in specially modified engines in Brazil.3 The advantages of 
bioethanol over gasoline are higher octane number, flame speeds, and heats of 
vaporization (leading to better fuel performance), broader flammability limits, 
and lower emission of carbon monoxide, unburned hydrocarbons, and sulfur 
oxide.9,10 It is the most employed biofuel on a global scale with the US and 
Brazil dominates the production.3 
 
1.1.1 Production of biodiesel from waste grease 
 
The conventionally practiced technology to produce biodiesel involves the 
transesterification of triglycerides from vegetable oils (rapeseed, sunflower, 
soybean, corn, palm oil, etc.) with methanol in the presence of base catalyst to 
yield fatty acid methyl esters (FAME). However, biodiesel produced from 
vegetable oil is usually more expensive than petroleum-based diesel, due to 
4 
 
the high cost of the feedstock.11 Moreover, since vegetable oils are widely 
used as cooking oil, competition with the food market is inevitable. The high 
price and feedstock shortages contribute to a growing gap between the global 
biodiesel production and capacity (Figure 1.2).12 Therefore, the use of 
alternative feedstocks for biodiesel production is of great importance to 
minimize the production costs, increase its cost-competitiveness towards 
petroleum-based diesel, and promote its sustainability.  
 
 
Figure 1.2 Worldwide annual biodiesel production and capacity (2002-2008).12 
 
Waste grease is a promising alternative feedstock for biodiesel production. 
Approximately 1.85 million ton waste grease is produced annually in the US.13 
The waste grease price is 0.19 USD/L, which is significantly lower than that 
of rapeseed oil (0.94 USD/L) and soybean oil (0.83 USD/L).14,15 Since 
feedstock is the primary contributor to the cost of biodiesel, the use of waste 
grease would significantly decrease the biodiesel cost. Waste grease is also 
non-edible, thus being a sustainable resource for biodiesel production. It has 
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no economic value and is commonly landfilled or incinerated. These disposal 
options are problematic due to the increasingly stringent environmental 
regulation and the limited availability of landfill area.16 As such, utilization of 
the waste grease for biodiesel production provides an economically attractive 
solution to overcome the problems. 
 
Nevertheless, utilization of waste grease for biodiesel production encounters 
technical challenge. The traditional base-catalyzed transesterification is 
incompatible for transforming grease to biodiesel.11 The free fatty acids (FFA) 
in grease (15-40 wt%) will react with the base catalyst to form soaps. Soap 
increases the viscosity of the product mixture and ultimately complicates the 
downstream separation process. This will raise the cost of production and 
cancel the economic advantage of low cost feedstock.  
 
1.1.2 Acid catalysts for the production of biodiesel from grease 
 
Acid catalysts have the advantage over base catalysts due to their low 
susceptibility to the presence of FFA in the starting feedstocks. It could be 
used to catalyze the esterification of FFA in grease as a pretreatment step, 
before the remaining triglycerides are converted into FAME by the base-
catalyzed transesterification. Furthermore, it could be used to catalyze 
simultaneous esterification of the FFA and transesterification of the 




Traditionally, acid catalytic systems are classified into homogeneous and 
heterogeneous types. In homogeneous catalysis, the catalyst is present in the 
same phase as the reactants and products. Sulfuric acid is the most extended 
homogeneous acid catalyst used in biodiesel production.17 The significant 
drawback of this process is related to the complex separation of the products 
and the catalysts.18,19 After reaction, the acid needs to be neutralized, 
producing salt precipitates which must be treated before being discharged into 
the environment. The waste treatment step in turns will increase the energy 
consumption and the overall production cost. The catalyst is also non-reusable, 
thereby leading to high catalyst consumption. Furthermore, the acid is highly 
corrosive and requires special equipment for handling and storage.  
 
In heterogeneous catalysis, the catalyst is in separated phase from the reactants 
and products. The primary advantages of using heterogeneous catalyst are the 
ease of catalyst separation procedures after the reaction and the potential of 
reusing the catalyst in repeated cycles to further decrease the production 
costs.20,21 In addition, no effluent waste is generated as in the use of liquid 
acid, thereby offering a more environmentally sustainable approach which is 
favorable from the green chemistry viewpoint. The corrosion hazard could 
also be avoided.  
 
However, the reported heterogeneous acid catalysts for the production of 
biodiesel have been thus far unsatisfactory. For the esterification of FFA in 
two-step biodiesel production, the low activity of the solid acid catalysts is 
mainly caused by the diffusional limitation of porous materials or the low acid 
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loading and mass transfer limitation of the large-size carriers. Likewise, in 
one-step biodiesel production, it is still challenging to efficiently perform 
simultaneous esterification of FFA and transesterification of triglyceride with 
methanol using heterogeneous acid catalysts. The reported catalysts have 
porous structures, thus encountering mass transfer limitation in the oily system 
and giving rise to low catalytic activity. Moreover, these types of catalysts 
usually show low acid capacity due to the difficult immobilization or 
impregnation of the active acid sites on the surfaces of the pores.  
 
1.1.3 Production of bioethanol from biomass 
 
Ethanol available in biofuels market nowadays is predominantly a first-
generation bioethanol which is derived from starch.22 Starch, a polymer of 
glucose linked by α-glycosidic bonds, is preferred for bioethanol production as 
it is rich in sugars and can be readily hydrolyzed.1 Recently, lignocellulosic 
biomass has been identified as a promising and sustainable feedstock for the 
production of second-generation bioethanol.23,24 It is the most abundant raw 
material on earth with estimated annual production of 10–50 billion ton.25 The 
amount of its carbohydrate fractions (cellulose and hemicellulose) is as high as 
60–70%, which is approximately equal to the starch content in corn and other 
grains.26 
 
The production of bioethanol from lignocellulosic biomass could rely on the 
locally produced plants and agricultural residues.27 Oil palm empty fruit bunch 
(PEFB), a lignocellulosic waste from palm oil industry, is a potential 
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feedstock which available in large quantities in South East Asia with annual 
global production of approximately 12 million tons (dry weight).28,29 
Traditionally, large amount of PEFB is incinerated, leading to environmental 
pollution.30 The use of PEFB as feedstock for bioethanol thus allows for a 
more sustainable and inexpensive production process, and concurrently avoid 
the disposal problem.31 
 
The major steps in the production of bioethanol involve the decomposition of 
the carbohydrate fraction in biomass into fermentable sugars via hydrolysis, 
followed by the conversion of the sugars into ethanol which can be 
conveniently performed via the well-established fermentation process. The 
former step is recognized as the key technology for the transformation of 
biomass into bioethanol. The most commonly applied methodologies for 
decomposition of saccharides to fermentable sugars are acid hydrolysis and 
enzymatic hydrolysis. Due to the high cost of enzymes, acid hydrolysis is the 
more preferable option from the economic standpoint.11 
 
1.1.4 Acid catalysts for the production of fermentable sugar from biomass 
 
Diverse types of liquid acid have been assayed as catalyst for hydrolysis of 
biomass to produce fermentable sugars. Among them, sulfuric acid is the most 
widely used due to its cheap price.9 However, conventional acid hydrolysis 
with liquid acid suffers from serious environmental problems concerning the 
disposal of the spent acid and the abundant amount of salts generated during 
the catalyst neutralization stage. In addition, the capital cost is high as the acid 
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is very corrosive and thus need to be handled in corrosion-proof facilities. The 
acid is also non-recyclable, leading to higher catalyst consumption and 
production cost.  
 
Heterogeneous catalysis has the potential to overcome the drawbacks, offering 
simple procedure for catalyst recovery and reduction of capital and production 
costs with minimal environmental impact. Nevertheless, the reported 
heterogeneous acid catalysts for hydrolysis showed notably low activity and 
gave low sugar yields. The underlying paucities of the solid acid catalysts are 
attributed to the insufficient amount of the acid sites or poor mass transfer 
efficiency of the porous materials. In porous materials, the active acid sites are 
restricted inside the pore systems. Severe mass transfer limitation occurs 
during the transport of the saccharide chains into the pores, leading to poor 
contact between the substrate and the catalytic sites.20 
 
1.1.5 Magnetic nano-size solid acid catalyst 
 
In recent years, the application of magnetic nanoparticles (MNPs) as 
alternative catalyst support has attracted significant attention in catalysis field 
in view of their interesting features. The nano-size of the particles offers a 
substantially increased surface area for high capacity of catalyst loading.32,33 
The catalyst species are attached on the nanoparticles surface, providing facile 
access for the reactant molecules and avoiding diffusion constraints commonly 
associated with porous solid supports.34-36 The nanoparticles are highly 
dispersible in reaction medium, forming a homogeneous mixture which leads 
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to efficient contact of the catalyst with substrate molecules to achieve high 
catalytic performance.33,37,38 Moreover, the magnetic property allows for 
convenient recovery of the nanoparticles in the presence of external magnetic 
field after the reaction to facilitate the subsequent catalyst recycling (Figure 




Figure 1.3 Separation of magnetic nanoparticles catalyst under external magnetic 
field.  
 
Acid species could be attached onto the MNPs to obtain a magnetic nano-size 
solid acid catalyst. The synthesis of such acid-functionalized MNPs could be 
achieved by a three-step strategy: synthesis of the MNPs core, coating of the 
magnetic core with a suitable material, and functionalization of the coating 
layer with acidic groups. Coating strategy is crucial to protect the magnetic 
nanoparticle core and provide functional groups for futher modification.41 
Covalent bonding is particularly essential to yield stable attachment of the acid 
moieties onto the MNPs support. The challenge is to select appropriate 
functionalization techniques which results in highly acidic and stable magnetic 
nano-size solid acid catalyst. A range of characterization protocols could be 





The main objective of this thesis is to develop novel acid-functionalized 
magnetic nanoparticles as active and recyclable solid acid catalysts for the 
efficient production of biofuel with good dispersibility, high acidity, and 
simple magnetic separation. More specifically, the engineered catalysts are 
employed in the following reactions: 
1) The esterification of FFA in grease as a pretreatment step in the two-
step biodiesel production from waste grease.  
2) The simultaneous esterification of FFA and transesterification of 
triglyceride in the one-step biodiesel production from waste grease.  
3) The hydrolysis of saccharides into fermentable sugars for bioethanol 
production from biomass. 
 
To achieve this objective, magnetic nano-size solid acid catalysts with 
different acid functions are prepared and used in the reactions. Novel magnetic 
nano-size solid acid catalyst SO3H-PGMA-MNPs consisting of a core of iron 
oxide MNPs, a poly(glycidyl methacrylate) (PGMA) shell, and sulfonic acid 
(SO3H) groups on the surface is designed and synthesized. In addition, novel 
magnetic nano-size solid acid catalyst HPW-PGMA-MNPs consisting of iron 
oxide MNPs as the core, PGMA as the shell, and phosphotungstic acid (HPW) 
groups on the surface is designed and synthesized. The reaction conditions for 
the catalysts preparation are systematically investigated to establish the 
optimum protocols for producing catalysts with high acidity and good 
magnetic properties. The resulting catalysts are thoroughly characterized. 
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Their catalytic performances are evaluated for the targeted reactions and 




After this introduction, overview about feedstock and production of biodiesel 
and bioethanol are presented in Chapter 2. Discussion about magnetic 
nanoparticles is also included. In Chapter 3, magnetic nano-size solid acid 
catalyst SO3H-PGMA-MNPs was prepared and evaluated for the esterification 
of FFA in grease with methanol to produce biodiesel. In Chapter 4, magnetic 
nano-size solid acid catalyst HPW-PGMA-MNPs was developed for the 
transformation of waste grease to biodiesel via simultaneous esterification of 
FFA and transesterification of trigyceride with methanol in one pot. In Chapter 
5, the SO3H-PGMA-MNPs were explored for the hydrolysis of biomass into 
fermentable sugars for bioethanol production. Chapter 6 concludes the whole 


























2.1 Biodiesel feedstock 
 
Biodiesel feedstocks are oils and fats which basic constituent are triglycerides. 
Triglycerides are triesters of glycerol and fatty acids. In addition, oils and fats 
may also contain an amount of free fatty acid (FFA). FFA is fatty acid moiety 
which is not attached to any glycerol backbone. Different types of oils and fats 
contain different types of fatty acids with various chain length and degree of 
unsaturation. Figure 2.1 presents the chemical structures of triglyceride and 
FFA, as well as some representative fatty acids which typically compose oils 
and fats.   
 
 
Figure 2.1 Chemical structures of triglyceride and fatty acids in oils and fats. 
 
A wide range of feedstock can be potentially used for biodiesel preparation. 
This spans from conventional edible vegetable oils and animal fats, to non-
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edible oils, algal oils, and waste oils. Table 2.1 presents biodiesel production 
and the feedstocks used in six leading countries. 
 





European Union 1,716 Rapeseed oil (50%), soybean oil (40%), 
palm oil (5%), and tallow (5%) 
United States 841 Soybean oil (40%), canola oil (20%), 
palm oil (20%), and tallow (20%) 
Argentina 729 Soybean oil 
Brazil 698 Soybean oil (80%), other vegetable oil 
(10%), and tallow (10%) 
Indonesia 360 Palm oil 
Thailand 156 Palm oil 
 
2.2.1 Vegetable oils and animal fats 
 
As can be seen from Table 2.1, vegetable oils are the most commonly used 
feedstock for biodiesel production. Rapeseed and soybean oil are major 
biodiesel feedstocks in Europe and the US, respectively; whereas palm oil is 
typically used in countries with tropical climate. Tallow, which is derived 
from animal fat, is also utilized to a lesser extent. 
 
The high cost of vegetable oil has been the main hindrance to the economic 
viability and large-scale commercialization of biodiesel. The price of 
feedstock may constitute up to 80% of the overall production expense, 
rendering the current biodiesel price being higher than that of petroleum-based 
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diesel.19,42,43 Moreover, the vegetable oil is widely used for food preparation as 
cooking oil, thus its utilization as biodiesel feedstock could contribute to the 
increase of global food prices and threat the food security.44,45 Likewise, 
tallows are sold commercially as additive for animal feed. The conflict of food 
vs. fuel interest would lead to the shortages of biodiesel feedstock and 
interference on its sustainability. As such, it is of great importance to utilize 
cheap feedstock with low or no economic value for biodiesel production to 
minimize the production costs, increase its cost-competitiveness towards 
petroleum-based diesel, and secure its sustainability. 
 
2.2.2 Non-edible oils 
 
Oils sourced from non-food crops have been reported as possible candidates 
for biodiesel preparation. Example of such non-food crops are Brassica 
carinata (Ethiopian mustard),46 Ricinus communis (castor beans),47 and 
Jathropa curcas (Barbados nut).47,48 The extracted oils are generally not 
suitable for human and animal consumption. For example, oil derived from 
Jathropa curcas are known to be toxic due to its phorbol esters content.49,50 
Nevertheless, the decline of traditional agricultural farmlands due to the 
expansion of plantation area for these non-food crops has been highlighted by 
conservationist.51,52 Deprivation of natural vegetation is also a potential 
problem due to major changes in land use.53 Moreover, the crops cultivation 




2.2.3 Algal oils 
 
Production of biodiesel from algal oil has recently attracted attention, driven 
by its minor land utilization requirement. Microalgae are unicellular species 
which capable of performing photosynthesis to convert atmospheric CO2 into 
a wide range of products, including oil.54 The major concern for the use of 
algal oil is related to the economic feasibility of the process.55,56 Generally, the 
algal broth produced requires tedious subsequent processing procedures, 
which include the recovery of the biomass and oil extraction from the biomass 
using an organic solvent.57 In addition, expenses required for building the 
infrastructure (Figure 2.2), growing, harvesting, and drying the algae further 
reduce the overall process economics.  
 
 
Figure 2.2 Photobioreactor constructed for algae cultivation.56 
 
2.2.4 Waste grease 
 
Waste grease, also known as trap grease or brown grease, is promising 
alternative feedstock for biodiesel production since it is inexpensive and 
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readily available in large volume without any use.10,11 Approximately 1.85 
million ton waste grease is produced annually in the US.13 Waste grease refers 
to grease collected from trap units installed in commercial, municipal, or 
industrial sewage facilities. It is different from yellow grease, which is 
commonly obtained from rendered animal fats and used cooking oils from 
restaurants. Waste grease typically contains higher than 15 wt% FFA. In 
comparison, yellow grease has FFA content less than 15 wt%. The 
predominant fatty acids in waste grease are oleic acid, palmitic acid, stearic 
acid, and linoleic acid.14  
 
Grease trap devices usually consist of multicompartment chambers in which 
the waste water streams are retained for a period of time. Due to the gravity, 
the grease will accumulate at the water surface and the solids will settle to the 
bottom of the device, rendering a clarified water stream which can be 
subsequently discharged to the sewer system (Figure 2.3). 
 
 




Detrimental problems associated with the waste grease are sewer pipeline 
blockage and pump station failure, causing large amount of sanitary sewer 
overflow (SSO) cases.59 In the US, a minimum of 90% grease is required to be 
removed from the waste water using the grease traps.60 After its recovery from 
the trap device, the grease is usually landfilled or incinerated. These disposal 
options are problematic due to the increasingly stringent environmental 
regulation and the limited availability of landfill area.16 The utilization of the 
grease for biodiesel production thus provides an attractive solution to 
overcome the problems. 
 
The waste grease price is 0.19 USD/L, which is significantly lower than that 
of rapeseed oil (0.94 USD/L) and soybean oil (0.83 USD/L).14,15 Since 
feedstock is the primary contributor to the cost of biodiesel, the use of waste 
grease would significantly decrease the biodiesel cost. As illustrated in Figure 
2.4, waste grease is the cheapest biodiesel feedstock with promising potential 
to lower the production cost.11 Moreover, waste grease is non-edible, thus 
being a sustainable resource for biodiesel production. Nevertheless, 
transformation of waste grease to biodiesel using the traditional base-catalyzed 






Figure 2.4 Biodiesel production cost as a function of feedstock cost.11 
 
2.2 Biodiesel production 
 
Originally, the term biodiesel refers to the unmodified vegetable oils or animal 
fats which could be used to fuel the diesel engine. At the World’s Exhibition 
in Paris in 1900, Rudolph Diesel used peanut oil for the first public 
demonstration of his compression ignition engine.61 In 1920’s, as the 
petroleum-based fuels became widely available at low cost, modification to 
the engine was made to accommodate the use of petroleum-based diesel. Since 
then, the use of vegetable oil as diesel fuel decreased, except at rare conditions 
when oil shortage or price rise took place. During World War II, vegetable oils 
were employed as emergency substitutes to run the diesel engines.5 
 
Neat vegetable oils could not run well on the newer design of diesel engine 
due to its inherent high viscosity, which is 10-20 times greater than that of 
petroleum-based diesel.62 High viscosity affects the fuel fluidity and reduces 
atomization of the fuel spray, leading to various engine performance problems 
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such as carbon deposits formation, piston ring sticking, injector coking, and 
thickening of the lubricant oil.63,64 Different methodologies have been 
proposed to reduce the viscosity of vegetable oils, including dilution 
(blending), micro-emulsification, pyrolysis (thermal cracking), and alcoholysis 
(transesterification). 
 
2.2.1 Dilution, micro-emulsification, and pyrolysis  
 
Dilution (blending) method involves mixing of the vegetable oil with 
petroleum based-diesel.65 This method is simple as no chemical process is 
required. The resulting mixture generally has reduced viscosity, but hardly 
passes the value specified by ASTM (American Society for Testing and 
Material) standard of 4.0 cSt at 40 °C and thereby is not suitable for long-term 
use.66 For instance, Ziejewski et al. studied the dilution of 25 vol.% sunflower 
oil with 75 vol.% petroleum-based diesel.67 Viscosity of this 25/75 blend was 
4.88 cSt at 40 °C. They also blend the less unsaturated safflower oil with 
petroleum-based diesel with similar dilution ratio. Unsaturated oil is highly 
reactive and tends to oxidize and polymerize, which could lead to its 
accumulation in the lube oil and thickening of the lubricant. Viscosity of this 
blend was 4.92 cSt at 40 °C. They concluded that the dilution blends were not 
recommended for long-term use in the diesel engine. 
 
A microemulsion is defined as a colloidal equilibrium dispersion of optically 
isotropic fluid microstructures with dimensions generally in the 1-150 nm 
range formed spontaneously from two normally immiscible liquids and one or 
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more amphiphiles. This is a micellar system that may be formed with ionic or 
non-ionic amphiphiles.64 Similar to the dilution method, this micro-
emulsification technique is simple as no chemical process is required. Goering 
et al. studied the microemulsion of petroleum-based diesel (50 vol.%), 
soybean oil (25 vol.%), ethanol (5 vol.%), and 1-butanol (20 vol%).68 The 
blend had reduced viscosity of 4.03 cST at 38 °C and its short-term 
performances were close to that of petroleum-based diesel. However, the 
blend had low cetane number of 34.7. In general, diesel engines operate well 
using fuels with cetane number of 40-55. Higher cetane number fuels have 
shorter ignition delays, allowing for a more complete fuel combustion process. 
The authors also found that the blend produced less engine wear than 
petroleum-based diesel, but produced greater deposits of carbon and lacquer 
on the injector tips, intake valves, and tops of the cylinder liners. Ziejewski et 
al. studied the microemulsion of sunflower oil (53 vol.%), ethanol (13.3 
vol.%), and 1-butanol (33.4 vol.%).69 This blend had a viscosity of 6.31 cSt at 
40 °C, which is greater than the ASTM standard of 4.0 cSt at 40 °C. The 
cetane number of this blend was also as low as 25. During a 200 h laboratory 
screening endurance test, no significant performance deteriorations were 
observed, but irregular injector needle sticking, heavy carbon deposits, 
incomplete combustion, and increase of lubricating oil viscosity were 
observed. 
 
Pyrolysis method refers to thermochemical decomposition of oil or fat at 
elevated temperature in the absence of oxygen, leading to cleavage of the 
chemical bonds to produce smaller molecules.70 The resulting liquid generally 
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has similar chemical composition to petroleum-based diesel and can be used 
as fuel, although sometimes it is more gasoline than diesel fuel.5 In general, 
viscosity of the pyrolysed liquid is also still higher than the ASTM 
specification.64 In addition, pyrolysis is not very selective (Figure 2.5), 
generating a wide range of side products and solid residues which require 
additional separation steps.17 Soybean and safflower oils were thermally 
decomposed and distilled in air and nitrogen sparge with a standard ASTM 
distillation apparatus by Schwab et al.70 The pyrolysed liquid had a cetane 
number of 43, which compares well with typical cetane number of petroleum-
based diesel. However, its viscosity was 10.2 cST at 37.8 °C, much higher 
than the ASTM standard of 4.0 cSt at 40 °C. The authors found that the total 
hydrocarbons products obtained were ca. 73 wt% and 80 wt% from soybean 
and safflower oils, respectively. The product components were mainly alkanes 
and alkenes, accounting for approximately 60 wt%. Another major product 
was carboxylic acids, accounting for 9.6-16.1 wt%. In addition to the low 
yield of the desired diesel-like product, the high energy consumption is 
another drawback of pyrolysis method.71 The equipment required is also 
expensive for modest throughputs.5 Moreover, although the products are 
chemically similar to petroleum-based gasoline and diesel, the removal of 
oxygen during the thermal processing also removes the environmental benefits 
of using an oxygenated fuel.5 The use of oxygenated fuel leads to improved 






Figure 2.5 Simplified representation of several products obtained from the pyrolysis 
of triglyceride.71 
 
2.2.2 Alcoholysis to produce fatty alkyl methyl esters 
 
Alcoholysis or transesterification method chemically converts oils or fats with 
an alcohol in the presence of a catalyst to form ester molecules which are far 
less viscous and easy to burn in diesel engine. The process is more selective 
and high-yielding compared to pyrolysis.71 The resulting esters possess 
physical properties which are very similar to those of the petroleum-based 
diesel, thus being compatible to be used in unmodified diesel engines and has 
a comparable performance to petroleum-based diesel.6 Alcohols such as 
methanol, ethanol, propanol, butanol, and amyl alcohol can be used, with 
methanol being the most preferred one owing to its low cost. Hence, biodiesel 
nowadays generally refers to fatty acid methyl esters (FAME). 
 
The transesterification reaction involves three successive reversible reactions 
in which triglycerides, the major constituent of oils and fats, are firstly 
transformed to diglycerides, then the diglycerides are converted to 
monoglycerides, followed by conversion of the monoglycerides to glycerol 
(Figure 2.6). An ester is produced in each step, giving a total of three esters 





Figure 2.6 Transesterification of triglycerides with methanol. 
 
Transesterification for biodiesel preparation can be performed via base 





2.2.2.1 Base catalytic process 
 
Transesterification using base catalyst is traditionally employed for the 
production of biodiesel from vegetable oil. The reaction can be performed in 
short reaction time and relatively mild conditions. The most common base 
catalysts for transesterification are sodium hydroxide, potassium hydroxide, 
sodium methoxide, and potassium methoxide. Vicente et al. investigated the 
activity of different base catalysts for the transesterification of sunflower oil 
with methanol.72 They found that the methoxide catalysts gave higher yields 
than the corresponding hydroxide catalysts. Nevertheless, the hydroxide 
catalysts are generally more preferred in practice as they are cheaper and 
easier to handle than the methoxides.17 In particular, sodium hydroxide is 
often the preferred choice due to its low cost. Other variant of base catalysts 
for biodiesel production have also been reported, including liquid amines73 
and guanidines.74 
 
The reaction mechanism of base-catalyzed transesterification is presented in 
Figure 2.7. The first step involves reaction of the base catalyst with alcohol 
forming the catalytically active species RO-. Next, the RO- species reacts with 
the carbonyl carbon atom in the triglyceride to form a tetrahedral intermediate. 
The tetrahedral intermediate further breaks down into a fatty acid ester and a 
diglyceride anion, followed by proton transfer to the diglyceride anion which 
regenerates the RO- species. The catalytic cycle is repeated twice and 





Figure 2.7 Reaction mechanism of base-catalyzed transesterification.17  
 
The major drawback of this process is the high sensitivity to free fatty acid 
(FFA) and water in the feedstock. FFA will react with the base catalyst to 
generate soap (Figure 2.8 (a)), which cause an increase in viscosity and 
formation of gel.75,76 Ultimately, it complicates the subsequent downstream 
separation process and drastically reduces the ester yield. The presence of 
water also gives rise to soap formation as it can react with the ester to form 
FFA77,78 (Figure 2.8 (b)). Such critical limitation considerably restricts the 
utilization of feedstock to the dehydrated and low-acidic vegetable oil, which 





Figure 2.8 (a) Reaction of the FFA with base catalyst producing soap and (b) reaction 
of methyl ester with water producing FFA. 
 
2.2.2.2 Enzyme catalysis 
 
Enzyme catalysts such as lipases can be used for biodiesel production. Several 
lipases from microbial strains, including Pseudomonas fluorescens, 
Pseudomonas cepacia, Rhizopus oryzae, Candida rugosa, Thermomyces 
lanuginosus, and Candida antartica have been reported to demonstrate 
activity for transesterification of triglyceride.79 The biotransformation can be 
carried out using extracellular or intracellular lipase. The enzymatic processes 
have low energy requirements as the reaction can be performed at mild 
conditions. In addition, the enzymes are insensitive to the presence of FFA and 
water in the feedstock. The limitation of this methodology is mainly due to the 
high cost of the enzyme. Other drawbacks are the ease of enzyme deactivation 
and the long reaction times.80,81  
 
2.2.2.3 Non-catalytic process 
 
An alternative technology for biodiesel production is non-catalytic 
transesterification with methanol under supercritical conditions. In 
supercritical conditions, the degree of hydrogen bond in methanol decrease, 
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leading to reduced polarity.82 This helps to improve the miscibility of oil and 
the methanol, allowing for faster reaction kinetics. The process is also 
insensitive to the FFA and water content of the feedstock. However, the 
operating conditions are very severe (T > 240 °C and P > 80 bar), thus 
requiring the use of special equipment. Therefore, the supercritical 
methodology is still very expensive and the implementation of such costly 
technology in industry is currently a challenge.3,83   
 
2.2.2.4 Acid catalysis 
 
The main advantage of acid catalysts is their low susceptibility to the presence 
of FFA in the starting feedstocks. The reaction mechanism of acid-catalyzed 
transesterification is summarized in Figure 2.9. In the beginning, the acid 
catalyst protonated the carbonyl groups in triglyceride. The activated carbonyl 
group then undergoes nucleophilic attack from an alcohol, producing a 
tetrahedral intermediate. After a solvent assisted proton migration, the 
intermediate is cleaved into a diglyceride molecule and a protonated alkyl 
ester. Finally, the acid catalyst is regenerated via proton transfer. The catalytic 







Figure 2.9 Reaction mechanism of acid-catalyzed transesterification.17  
 
In the context of biodiesel production from feedstock with high FFA content, 
the acid catalysis is useful to be applied in two processing methodologies. The 
first one is a two-step process comprising of an acid-catalyzed pretreatment of 
the FFA, followed by the traditional base-catalyzed transesterification of the 
remaining triglyceride. The second one is a one-step process with 




2.2.3 Acid catalysts for two-step biodiesel production 
 
In the two-step biodiesel production, the acid catalyst is used in the first step 
for reducing the high FFA content in the feedstock to reach a level which is 
low enough for the next base-catalyzed transesterification step. The feedstock 
is reacted with alcohol in the presence of the acid catalyst to convert the FFA 
into methyl esters. It has been proposed that the FFA level should be reduced 
to at least 1 wt%.84,85 The reaction mechanism of acid-catalyzed esterification 
resembles that of acid-catalyzed transesterification, except that the tetrahedral 
intermediate breaks down into protonated ester and water (Figure 2.10). At the 
end of one catalytic cycle, one molecule of ester and water are produced. 
 
Homogeneous acid catalysts used for biodiesel preparation include sulfuric 
acid, hydrochloric acid, phosphoric acid, and sulfonic acids, with sulfuric acid 
being the most used one.17 In homogeneous catalytic system, the active 
catalytic sites and the reactants are present in one homogeneous phase and 
well-contacted, thus ultimately delivers good activity. Canakci and Van 
Gerpen studied the application of sulfuric acid for esterification of FFA in 
several kinds of feedstocks.86 Their findings suggest that the FFA content in 
the feedstocks could be reduced to below 1 wt% under mild conditions, low 





Figure 2.10 Reaction mechanism of acid-catalyzed esterification.87 
 
However, the use of homogeneous acids is far from being environmentally 
friendly. The product mixture needs to be neutralized and thoroughly washed, 
producing large amount of salt, soap, and waste water for further treatment or 
purification. These additional processing steps contribute to the total 
production cost. In addition, the liquid acid is also non-recyclable and 
corrosive. The use of heterogeneous acid catalyst offers simpler and cleaner 
approach with ease of catalyst recovery after reaction and minimization of 




Nevertheless, the reported heterogeneous acid catalysts for the esterification of 
FFA have been thus far unsatisfactory.87,88 Kiss et al. used zeolite in the 
esterification of lauric acid with 2-ethylhexanol.89 They found that the zeolite 
gave low FFA conversion (44%) as the reaction may be suppressed by the 
limited diffusion of the reactant into the zeolite pores. Thus, the reaction only 
occurs on the external surface, leading to low catalytic performance.  
 
Ni and Meunier studied the use of sulfated zirconia as catalyst for 
esterification of an artificial mixture of sunflower oil and 10% palmitic acid 
with methanol.90 Although 89% FFA conversion could be achieved after 25 h 
reaction, severe leaching of the sulfate groups was observed. Water formed 
during the reaction could promote hydrolysis of the supported sulfate groups, 
thus causing the leaching and deactivation of the catalyst. Due to the leaching 
of the sulfate groups, it was possible that some extent of homogeneous 
catalysis took place. The leaching also led to dramatic activity decay during 
the first cycle of recycling test. In addition, activation and regeneration of the 
catalyst also need to be performed at very high temperature (500 °C). Omota 
et al. also investigated the use of sulfated zirconia for the esterification of 
lauric acid with 2-ethylhexanol.91 By performing the reaction at 160 °C and 
continuously distilled out the water from the reaction system, leaching of 
sulfate groups in sulfated zirconia could be minimized and 70% FFA 
conversion was attained. Nevertheless, this system necessitates the use of 
high-boiling point alcohols, instead of the inexpensive and routinely applied 
methanol. In addition, the catalyst is costly since zirconium is a rare and 
expensive metal. These factors are unfavorable for the process economic. 
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Ozbay et al. studied the esterification of used cooking oil with methanol using 
a series of ion-exchange resins, including Amberlyst 15, Amberlyst 35, 
Amberlyst 16, and Dowex HCR-W2.92 The authors found that by using 2 wt% 
catalysts, Amberlyst 15 gave the best performance (46% FFA conversion) 
among the examined resins since it possesses the largest pore diameter. Larger 
pore diameter allows better access for the FFA molecules to enter into the 
inner surface of the catalyst, leading to increased esterification rate. Feng et al. 
also observed the same finding when they investigated the esterification of 
used cooking oil with methanol using NKC-9, 001 × 7, and D61 ion-exchange 
resins.93 Larger pore diameter of the resins was found to be beneficial for the 
reactants to access the active sites of the resins. NKC-9 with the largest pore 
diameter gave the higher FFA conversion (80%) compared to that obtained by 
001 × 7 (32%) and D61 resins (10%). Nevertheless, they found that a high 
amount of catalyst (20 wt%) was required to achieve this conversion. In ion-
exchange resins, a great proportion of the active acid molecules are present 
inside the resin pores, which hinders their accessibility to the substrate. The 
resins also typically possess a millimeter size with poor dispersibility in the 
reaction medium, thus further aggravate the inefficient contact between the 
catalyst and the substrate. As such, high concentration of catalyst is required to 
obtained appreciable reaction rate. This is a major drawback as ion-exchange 
resins are generally expensive materials.  
 
Diarrylammonium catalyst incorporated into polymer support was found to be 
active for the esterification of grease with methanol by giving 88% FFA 
conversion.94,95 However, as the catalyst possessed low acid capacity (0.68 
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mmol g-1), high temperature and pressure need to be employed during the 
reaction to improve the reaction rate and achieve this result. In addition, 
expensive triflic acid was utilized as reagents for the catalyst synthesis and 
regeneration. Recyclability test showed a significant drop of catalyst activity 
at the fourth reaction cycles.  
 
2.2.4 Acid catalysts for one-step biodiesel production 
 
Ideally, acid catalysis could be used for simultaneous esterification of FFA 
and transesterification of triglyceride to achieve one-step biodiesel production 
from feedstock with high FFA content. The one-step production mode 
simplifies the production process by avoiding the separation of intermediates, 
thereby reducing the overall production cost and improving the economics of 
biodiesel. 
 
Zhang et al. studied the use of sulfuric acid for the one-step biodiesel 
production from used cooking oil.96 They demonstrated that the acid catalyzed 
simultaneous esterification and transesterification to produce biodiesel in high 
yield (97%). Nevertheless, large amount of salt precipitates was generated 
from the catalyst neutralization with calcium oxide and the waste treatment 
load was substantial. They further performed economic assessment of this 
process with the help of simulation software and found that the capital cost 
was high on account of the requirement for stainless steel as the material of 




In this respect, heterogeneous acid-catalyzed process would be advantageous, 
offering an environmentally benign protocol, cost-effective process, and 
potential recycle of the catalyst. Several heterogeneous acid catalysts have 
been developed for the esterification of FFA89-95 or transesterification of 
triglyceride with methanol,98-100 with some success. However, it is still 
challenging to efficiently perform simultaneous esterification of FFA and 
transesterification of triglyceride with methanol using heterogeneous acid 
catalysts. The reported solid catalysts for this type of reaction have been thus 
far unsatisfactory. Suwannakarn et al. employed tungstated zirconia for the 
transformation of artificial mixture of tricaprylin and 0-25 wt% lauric acid.101 
The catalyst possessed low acid capacity (0.04 mmol g-1) and gave low ester 
yield (38%). The catalyst preparation also involved calcination at very high 
temperature (800 °C). In addition, the catalyst is expensive as zirconia is a rare 
and expensive metal. 
 
Xu et al. synthesized phosphotungstic acid H3PW12O40 (HPW) supported on 
tantalum pentoxide as catalyst for the conversion of artificial mixture of 
tripalmitin and 20 wt% myristic acid.102 The resultant catalyst had a low acid 
capacity (0.07 mmol g-1) and a porous structure, thus encountering mass 
transfer limitation in the oily system. Accordingly, it demonstrated only 
moderate activity with 60% ester yield. Expensive precursor (tantalum 
pentachloride) was required to prepare the catalyst.  
 
HPW impregnated on silica, alumina, activated carbon, and hydrous zirconia 
was utilized as catalysts for the transformation of artificial mixture of canola 
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oil and 10-20 wt% oleic acid by Kulkarni et al.103 The catalyst with silica, 
alumina, and activated carbon supports demonstrated moderate ester yield in a 
range of 65-67%. Only HPW impregnated on hydrous zirconia gave 90% ester 
yield. Nevertheless, the catalyst possessed low acid capacity (0.04 mmol g-1) 
due to the difficult immobilization or impregnation of the active acid sites on 
the surfaces of the support pores. As such, very high reaction temperature (200 
°C) was required to achieve high reaction rate. In addition, zirconia is 
expensive and the catalyst preparation and regeneration needs calcination at 
300 °C. Regarding the catalyst recyclability, only one cycle of reuse was 
demonstrated. 
 
Jacobson et al. studied the performance of zinc stearate immobilized on silica 
gel as catalyst for the biodiesel production from waste cooking oil containing 
15% FFA.104 A high ester yield (98%) was obtained from this transformation. 
However, the reaction temperature (200 °C) was also very high, which is 
likely employed to compensate the mass transfer restriction arising from the 
porous nature of the catalyst. Three times reuse of the catalyst was 
demonstrated. 
 
2.3 Bioethanol feedstock  
 
Bioethanol feedstock can be classified into sucrose-containing feedstock, 
starchy feedstock, and lignocellulosic biomass.9 Table 2.2 presents bioethanol 
production and the feedstock used in five leading countries. As can be seen, 
the present bioethanol production predominantly utilizes starchy feedstocks 
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such as corn and wheat and sucrose-contaning feedstocks such as sugar cane 
and sugar beet.  
 





United States 14,319 Corn (98%) and wheat (2%) 
Brazil 5,553 Sugar cane (100%) 
European Union 732 Wheat (48%), sugar beet (29%), and 
others (23%) 
China 555 Corn (70%) and wheat (30%) 
Canada 462 Corn (98%) and wheat (2%) 
 
2.3.1 Sucrose-containing feedstock  
 
Sucrose is a disaccharide composed of D-glucose and D-fructose monomers 
(Figure 2.11). Besides sugar cane and sugar beet, other examples of sucrose-
containing feedstocks are sweet sorghum and fruits. Brazil is the world’s 
largest exporter of bioethanol. It utilizes sugar cane in form of juice or 
molasses (by-product of sugar mills), which can be readily fermented into 
ethanol without the need of hydrolysis step.105 Approximately 79% of ethanol 




Figure 2.11 Chemical structure of sucrose. 
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2.3.2 Starchy feedstock  
 
Besides corn and wheat, examples of starchy feedstocks are other grains such 
as rice, barley, and milo (grain sorghum), as well as root crops such as 
potatoes and cassava. Unlike the sucrose-containing feedstock, hydrolysis step 
to convert the starch into fermentable sugar is required prior to the 
fermentation. The US, which is the world’s largest producer of bioethanol, 
employs starch derived from corn as the main feedstock for producing the 
ethanol. 
 
Starch is a homopolymer consisting of D-glucose monomer. It acts as major 
energy storage material in many staple crops and accumulates in different part 
of plants, including roots, tubers, seeds, and fruits. The starch consists of two 
major types of molecules, namely amylose and amylopectin (Figure 2.12). 








Amylose is a linear polysaccharide consisting of D-glucose linked with α-1,4 
glycosidic bond. The molecular weight is dependent on the plant source, but it 
is generally 104-106, consisting of 500–6000 glucose units.108 Amylopectin is a 
highly branched polysaccharides consisting of linear chains of D-glucose 
linked with α-1,4 glycosidic bond, in which the chains are connected with α-
1,6 glycosidic bond. Amylopectin has a higher molecular weight which is 
typically 107-108, consisting of hundreds of thousands to tens of millions of 
glucose units.108,109 The degree of branching determines the properties of 
starch such as the crystalline structure and gelatinization.110 
 
2.3.3 Lignocellulosic biomass  
 
Sucrose- and starch-containing crops are the feedstock for the production of 
first-generation bioethanol. With respect to the concerns about food security, 
the use of such food crops as bioethanol feedstock is not sustainable. 
Lignocellulosic biomass is the most abundant raw material on earth, 
constituting about 50% of world biomass with estimated annual production of 
10–50 billion ton.25 Cellulose and hemicellulose portions in lignocellulosic 
biomass can be converted into bioethanol by fermentation. These 
carbohydrates present in high amount (60–70%), approximately equal to the 
starch content in corn and other grains.26 As such, due to its abundance, 
inexpensive price, high carbohydrate content, and non-food use, 
lignocellulosic biomass is regarded as the promising feedstock for the 




In the near future, second-generation bioethanol production are expected to 
develop towards biorefinery concept, where biomass conversion processes and 
equipment to produce fuels, power, and chemicals are integrated within single 
facility.252 Biorefining is defined as sustainable processing of biomass into a 
spectrum of marketable products and energy.253 The concept is similar to 
current petroleum refineries, which produce fuels and various other products 
from petroleum. In biorefinery system, the biomass feedstock is converted into 
multiple products via platforms. The platform concept is analogous to that 
used in the petroleum refineries, where the crude oil feedstock is fractionated 
into intermediates that are further processed to energy and chemicals. One of 
the most important platforms is the sugar platform, which involves the 
fermentation of sugars sourced from biomass feedstock. More specifically, 
there is the C6 sugars platform obtained from hydrolysis of sucrose, starch, 
cellulose, and hemicellulose, resulting in sugars such as glucose, fructose, and 
galactose. There is also C5 sugars platform obtained from hydrolysis of 
hemicellulose, resulting in sugars such as xylose and arabinose. One of final 
product of this sugar platform is bioethanol.  
 
Potential lignocellulosic materials for bioethanol production are woody 
biomass (hardwood type such as aspen and poplar and softwood type such as 
pine and spruce), herbaceous biomass (grasses), municipal solid wastes 
(newsprint, waste office paper), and crop residues (cane bagasse, corn stover, 




2.3.4 Palm empty fruit bunch  
 
Unlike the conventional petroleum-derived gasoline, the production of 
bioethanol from lignocellulosic biomass could rely on the locally produced 
plants and agricultural residues.27 This is a major advantage which lessens the 
geopolitical concerns related to the supply of crude oil and allows energy 
independency for many countries.111 Oil palm is one of the most important 
agricultural plants in South East Asia, especially in Malaysia and Indonesia, 
owing to its high oil yield per hectare.112,113  
 
Oil palm empty fruit bunch (PEFB) is solid residue produced during the initial 
stage in oil palm milling processing, when the fruits are separated from the 
bunch stalks (Figure 2.13).114 It has vast availability with annual global 
production of approximately 12 million tons (dry weight).28,29 Traditionally, 
large amount of PEFB is incinerated causing environmental pollution.30 The 
use of PEFB as feedstock for bioethanol production thus allows for a more 




Figure 2.13 (a) Fresh fruit bunches and (b) empty fruit bunches. 
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PEFB, as any other lignocellulosic biomass, comprises of various components 
such as carbohydrates, lignin, extractives, and other minor constituents. The 
primary components are the carbohydrates (cellulose and hemicellulose) and 
lignin. The carbohydrates are polymers of five- and six-carbon sugars, 
whereas lignin is a polyphenolic compound. 
 
Cellulose typically accounts for 30-40% of PEFB.31,114 It is a linear 
homopolysaccharide consisting of D-glucose monomers linked with β-1,4 
glycosidic bond (Figure 2.14). The repeating unit of the cellulose chain is the 
cellobiose unit, with a length of 1.03 nm.26 The molecular weight of cellulose 
is in the order of 106 and the amount of glucose unit in cellulose is in the range 
of 500–15,000.115 The cellulose forms bundles of fibers that provide structural 
integrity and strength to the plant cell walls. Strong intra- and inter-molecular 
hydrogen bonds between glucose units and cellulose molecules led to close 
packing of cellulose chain and form crystalline structure of cellulose. The high 
crystallinity of cellulose renders it recalcitrant towards hydrolysis.116 
 
 
Figure 2.14 Chemical structure of cellulose. 
 
Hemicellulose typically accounts for 20-30% of PEFB.31,114 In general, 
hemicellulose is a heteropolysaccharide which comprised of five major sugar 
monomers, namely D-xylose, L-arabinose, D-galactose D-glucose, and D-
mannose. In addition, small amounts of L-rhamnose, D-glucuronic acid, 4-O-
44 
 
methyl-D-glucuronic acid, and D-galacturonic acid may also present. Xylan, a 
polymer of D-xylose, is the primary type of hemicellulose in PEFB (Figure 
2.15). Hemicellulose is attached to the lignin and interweaves the cellulose 
strands. The polymer chain of hemicellulose is short with around 200 sugar 
units and molecular weight of around 3 × 104.115 It is highly branched with 
various sugar side chains. The steric hindrance offered by the side chains led 
to an amorphous structure, which renders hemicellulose being more 
susceptible towards hydrolysis.115 As hemicellulose made up a significant 
fraction of carbohydrates in PEFB, its utilization is necessary to improve the 
overall ethanol yield. 
 
 
Figure 2.15 Chemical structure of xylan.117 
 
The other primary component of PEFB beside the carbohydrate fraction is 
lignin, which typically accounts for 20-30% of PEFB.31,114 Lignin is an 
amorphous polymer comprising of around 120 units of methoxylated 
phenylpropane compounds such as coniferyl, sinapyl, and p-coumaryl alcohol, 
with molecular weight up to 2 × 104 (Figure 2.16).115 It provides rigidity to the 
plant structure and antibacterial functions which protect against 
microorganisms. Lignin surrounds the carbohydrate fraction in biomass with 





Figure 2.16 Chemical structure of lignin. 
 
2.4 Bioethanol production  
 
In general, bioethanol production consists of several stages, namely raw 
material pretreatment, hydrolysis, fermentation, and separation and 
dehydration (Figure 2.17).1 Hydrolysis and fermentation are the two most 
important steps in the process. Fermentation technology is well-established 
and can be efficiently performed using microorganism such as yeast and 
bacteria. Saccharomyces cerevisiae is the most widely used yeast owing to its 
high growth rate and ethanol tolerance.118 Zymomonas mobilis is a bacterium 
which also capable of producing ethanol with high yields.119 In this regard, the 





Figure 2.17 Process schematic of bioethanol production.1 
 
2.4.1 Bioethanol production from sucrose-containing feedstock 
 
The production of bioethanol from sucrose-containing feedstock such as sugar 
cane does not necessitate hydrolysis step.120 In the pretreatment step, the sugar 
cane is washed, crushed, and milled to extract the juice. The cane juice is then 
directed to a clarification process in which impurities removal and pH 
adjustment are performed. Next, the cane juice is transferred to the 
fermentation stage, where the sugar is converted into ethanol by the 
fermenting microorganism. The culture broth is subsequently sent to 




2.4.2 Bioethanol production from starchy feedstock 
 
Unlike the case for sucrose-containing feedstock, bioethanol production from 
starchy feedstock such as corn require additional hydrolysis step to convert the 
starch polymer into fermentable sugars.107,120 The pretreatment step involves 
washing, crushing, and milling of the corn grains. Afterward, the starchy 
material is gelatinized by the addition of hot water to make it more susceptible 
for hydrolysis. Thereafter, hydrolysis can be performed to depolymerize the 
starch into fermentable sugars.  
 
Liquid acid catalysis has had a widespread use for the depolymerization of 
starch into fermentable sugar. However, the requirement to use corrosion-
resistant equipments and the complication concerning catalyst separation and 
waste water treatment triggers its replacement with enzymatic process.  
Amylases are the major groups of enzymes for starch hydrolysis. Unlike the 
acid hydrolysis process, the enzymatic hydrolysis is carried out in two steps by 
employing two different types of enzymes.106,107 The first step is partial 
hydrolysis where α-amylase cleaves the long starch polymer into 
maltooligomers (dextrin). The second step involves hydrolysis of the 
maltooligomers into fermentable sugars using glucoamylase. As enzymes 
represent the most expensive consumables from the total production expense, 
the use of solid acid catalyst to replace the liquid acid for hydrolysis of starch 




2.4.3 Bioethanol production from lignocellulosic biomass 
 
The production of bioethanol from lignocellulosic biomass also involves 
hydrolysis step to convert the carbohydrate fraction (cellulose and 
hemicellulose) into fermentable sugars. This is typically performed using acid 
or enzyme catalyst. Various methods for converting lignocellulosic biomass 
into bioethanol are presented in Figure 2.18. 
 
 
Figure 2.18 Various methods for converting lignocellulosic biomass into 
bioethanol.26 
 
In acid hydrolysis process, the first hydrolysis step is aimed to convert the 
hemicellulose part of the biomass into C5 sugar using acid catalyst in low 
concentration. The second hydrolysis step is aimed to convert the cellulose 
into glucose. Due to the inherent recalcitrant nature of cellulose, harsher 
reaction conditions with higher acid concentration need to be employed in this 
step. In enzymatic hydrolysis process, a pretreatment step is required to 
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degrade the rigid structure of biomass and improve accessibility of the 
cellulosic substrate to the enzyme. In the hybrid process, dilute acid hydrolysis 
is use as pretreatment step to convert the hemicellulose in biomass into C5 
sugars. Thereafter, enzyme is employed to hydrolyze the cellulose into 
glucose.  
 
Removal of the hemicellulose fraction during the pretreatment step is 
important to reduce structural constraints and improve the effectiveness of 
cellulose hydrolysis in the next step.1,121 The main processing options for this 
pretreatment step utilize water (in form of liquid or steam), organic solvents, 
base, or acid.  
 
2.4.3.1 Pretreatment using water 
 
Hydrothermal processes for pretreatment of lignocellulosic biomass mainly 
comprise of autohydrolysis and steam-explosion method. The autohydrolysis 
process utilizes compressed hot water with pressure above saturation point. In 
this condition, water ionization generates hydronium ions which catalyze the 
hydrolysis of hemicellulose. Acetic acid originated from acetyl substituent of 
the hemicellulose also contributes to the hydrolysis process. Using this 
process, the hemicellulose recovery is relatively high (55-84%), but the 
product obtained is mainly in oligomeric form.121  
 
Steam-explosion methodology involves heating the lignocellulosic biomass 
using high-pressure steam for a certain period of time (typically at 200–450 
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psig for a period of ca. 10 minutes).26 Sudden discharge of the steam from the 
reactor to the atmospheric pressure results in shear force which breaks the 
structural components in biomass. The hemicellulose dissolution can reach up 
to 70–90%, although it remains mainly in oligomeric form.26,121 
 
2.4.3.2 Pretreatment using base 
 
Pretreatment methods using base catalyst are ammonia fiber explosion 
(AFEX), ammonia recycling percolation (ARP), and wet oxidation. AFEX 
method employs liquified anhydrous ammonia to pretreat the biomass. This 
process depolymerizes the structural constituents of biomass to some extent, 
rendering it more amenable for the subsequent cellulose hydrolysis. 
Nevertheless, the hemicellulose remains intact and no removal occurs.26 ARP 
method involves treatment of biomass with aqueous ammonia in a flow-
through type percolation reactor at elevated temperature. About half of the 
hemicellulose is still in solid form and the remainder solubilized hemicellulose 
is mainly recovered as oligomers.26 Wet oxidation method utilizes oxygen and 
water with base such as Na2CO3, at elevated temperature and pressure, to 
solubilize the hemicellulose in lignocellulosic biomass. Up to 82% 
hemicellulose solubilization can be attained, although large portion of the 





2.4.3.3 Pretreatment using solvent 
 
This type of treatment, commonly termed as organosolv method, utilizes hot 
mixture of water and solvent to break the bonds between hemicellulose and 
lignin.123 Action of organic acid released from the biomass also contributes to 
the process. The typical organic solvents used are ethanol, methanol, and 
acetone. Although hemicellulosic sugars can be obtained as product, about 
half are in oligomeric form.121 
 
2.4.3.4 Pretreatment using acid 
 
Pretreatment with water, base, and solvent mainly produce hemicellulosic 
oligomers which requires further hydrolysis step to convert them into 
monomeric sugars. On the contrary, the use of acid allows direct hydrolysis of 
the hemicellulose into monomeric sugars and partial hydrolysis of cellulose.121 
As such, acid pretreatment method is advantageous to yield the highest 
hemicellulosic sugar stream from the lignocellulosic biomass.  
 
2.4.4 Acid catalysts for the production of fermentable sugars 
 
Diverse types of liquid acid have been assayed for hydrolysis to produce 
fermentable sugars. Among them, sulfuric acid is the most widely used due to 
its cheap price.9 Hydrochloric acid, nitric acid, trifluoroacetic acid, phosphoric 
acid, and other acids have also been used for hydrolysis of various substrates. 
For instance, Hayek and Shriner reported the use of sulfurous acid for the 
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hydrolysis of starch.124 Akpinar et al. utilized sulfuric acid to hydrolyze 
isolated xylan.125 Camacho et al. employed sulfuric acid for the hydrolysis of 
isolated cellulose.126  
 
Acid provide a two-fold function in hydrolysis (Figure 2.19). Firstly, it 
disrupts intra- and intermolecular hydrogen bonds network of the 
carbohydrate, rendering the substrate more accessible and reactive. Secondly, 
it further breaks the glycosidic bonds in the substrate to yield monomeric 
sugar. Among other carbohydrates, cellulose exhibited an exceptional resistant 
towards hydrolysis owing to its high crystallinity.  
 
 




Over the past several years, application of ionic liquid for cellulose dissolution 
has received considerable attention. Ionic liquid is regarded as excellent 
solvent with negligible vapor pressures, high thermal stability, and remarkable 
solvating capabilities.127 It is capable of disrupting the strong hydrogen bonds 
in cellulose chains, rendering it more susceptible to hydrolysis.128 Binder and 
Raines reported the use of hydrochloric acid for the hydrolysis of cellulose 
using ionic liquids as the reaction medium.129 
 
Hydrolysis of lignocellulosic biomass with liquid acids also has been 
extensively studied. As early as 1920s, Scholler process was developed for 
wood saccharification using sulfuric acid.130 Another well known method is 
Bergius process which applies hydrochloric acid for the hydrolysis of wood.131 
In addition, liquid acids have been employed for hydrolysis of various 
lignocellulosic biomass derived from agricultural residues. Fanta et al. use 
trifluoroacetic acid and hydrochloric acid for hydrolysis of wheat straw.132 
Sulfuric acid was used for hydrolysis of rice straw,133 corn stover,134 sugar 
cane bagasse,135 and PEFB.31 
 
Conventional acid hydrolysis with liquid acid suffers from serious 
environmental problems concerning the disposal of the spent acid and the 
abundant amount of salts generated during the catalyst neutralization stage. In 
addition, the capital cost is high as the acid is very corrosive and thus need to 
be handled using special equipments. The acid is also non-recyclable, leading 
to higher catalyst consumption and production cost. Heterogeneous catalysis 
has the potential to overcome the drawbacks, offering simple procedure for 
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catalyst recovery and reduction of capital and production costs with minimal 
environmental impact. Nevertheless, the reported heterogeneous acid catalysts 
for hydrolysis have been thus far unsatisfactory with low sugar yields. 
 
Abbadi et al. study the use of H-Mord-12 zeolite and Dowex 50x8-100 ion-
exchange resin for hydrolysis of starch.136 The resulting glucose yield was 
only 18% and 35%, respectively, after 24 h reaction time. They concluded that 
the low activity of the zeolite is due to its small pore size (0.6 nm), which 
unable to accommodate the access of starch molecule. As such, only acid sites 
on the outer surface of the zeolite could contribute to the reaction. Similarly, 
Dowex 50x8-100 with larger pore size (4.8 nm) encountered diffusion 
limitations which led to low catalyst activity. Takagi et al. developed 
HNbMoO6 metal oxide catalyst and evaluated its performance for hydrolysis 
of starch.137 The catalyst gave low glucose yield of 21% after 15 h reaction. 
Even by prolonging the reaction time to 72 h, only 45% glucose yield was 
obtained. The narrow pore of the catalyst (1.1 nm) prevents the starch 
molecules to contact with the internal catalytic sites, thus translating to its low 
activity.  
 
Sahu and Dhepe investigated the activity of a range of conventional solid acid 
catalysts for hydrolysis of xylan.138 Alumina-incorporated mesoporous silicas 
such as Al-SBA-15 and Al-MCM-41 gave marginal xylose yield of 5% and 
15%, respectively, due to their low acid capacity (0.08 and 0.14 mmol g-1, 
respectively). Metal oxide catalysts such as γ-Al2O3 and Nb2O5 both showed 
low activity with xylose yield of 20%. In the case of γ-Al2O3, this is 
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attributable to its narrow pores which impede transport of the substrate 
molecule; whereas in the case of Nb2O5, this is attributable to its low acid 
capacity (0.3 mmol g-1). K10 montmorillonite clay with higher acid capacity 
(0.42 mmol g-1) afforded slightly higher xylose yield of 28%. Several types of 
zeolitic materials such as HMOR, HBeta, and HUSY was also tested, giving 
37%, 38%, and 41% xylose yield, respectively. Despite having appreciable 
acid capacities in the range of 0.55-1.18 mmol g-1, the zeolites demonstrated 
low catalytic activities due to severe diffusion limitation imposed by their 
narrow pores. All the reactions with these catalysts were performed under high 
pressure condition of 50 atm to compensate the poor catalyst-substrate 
interaction and enhance the yield. 
 
Robust crystalline structure of cellulose inflicts great resistance towards 
hydrolysis. The use of heterogeneous catalyst for its hydrolysis results in poor 
solid-solid interaction between the catalyst particles and insoluble cellulose in 
water. Cellobiose is a subunit of cellulose which consists of two glucose 
molecules linked by β-glycosidic bond. It has better solubility in water and 
more susceptible towards hydrolysis. As such, cellobiose is an appropriate 
model substrate to evaluate the activity of heterogeneous catalyst for cleaving 
the β-glycosidic bond. The β-glycosidic bond is more stable than the α-
glycosidic bond comprising starch and thus more resistance towards 
hydrolysis.139 HNbMoO6 metal oxide catalyst developed by Takagi et al. 
afforded 41% glucose yield from hydrolysis of cellobiose after 18 h 
reaction.137 The low glucose yield is due to the diffusion limitation 
encountered during transport of cellobiose molecules into the catalyst’s 
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narrow pores. Kim et al. employed ion-exchange resin Amberlyst 35 to 
hydrolyze cellobiose.140 Even by using large amount of catalyst (167 times of 
the substrate), only 78% glucose yield was obtained. Although the resin pores 
are sufficiently large (28 nm) to provide access for the cellobiose molecules, 
they still impose diffusional restrictions which limit the catalyst activity.  
 
Solid acids also have been utilized to catalyze hydrolysis of biomass. 
However, lignin content of the biomass adds structural barrier for the solid 
catalyst to reach and hydrolyze the carbohydrate fractions. Sugar cane bagasse 
hydrolyzed with clay (K10) and zeolites (HUSY, HMOR, and HBeta) gave 
31%, 56%, 61%, and 64% xylose yield, respectively.138 However, the authors 
observed that under the reaction conditions employed (170 °C and 50 atm), 
autohydrolysis of hemicellulose into xylooligomers occurs. As such, the main 
role of the catalyst is likely only in hydrolyzing the xylooligomers into xylose. 
No glucose was obtained from hydrolysis of cellulose content in the bagasse.  
 
Dissolution of lignocellulosic biomass in ionic liquid is useful to enhance the 
accessibility of the cellulose to the catalyst. Zhang et al. utilized 1-butyl-3-
methylimidazolium chloride (BMIMCl) ionic liquid as reaction solvent for 
hydrolysis of bamboo using biomass-derived solid acid catalyst.141 The 
bamboo powder was firstly pretreated with ZnCl2 solution for 1 h under 
microwave irradiation to remove the lignin and hemicellulose. Subsequently, 
hydrolysis of the treated bamboo powder was performed in BMIMCl under 
microwave irradiation, affording 16% total reducing sugar (TRS) yield, which 
consists of glucose and soluble oligomers. Comparatively, hydrolysis 
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performed in water gave only 8% TRS yield. Beside the ionic liquid, the use 
of microwave irradiation was also found to be essential to provide internal 
heating energy and accelerate the reaction.  
 
2.5 Magnetic nanoparticles 
 
In recent years, magnetic nanoparticles (MNPs) have acquired considerable 
research interests. These MNPs have been extensively investigated in a broad 
spectrum of applications such as targeted drug delivery,142 magnetic resonance 
imaging,143 biosensing,144 bioseparation,145 hyperthermia,146 environmental 
remediation,147 and catalysis.33 
 
In catalysis field, the application of MNPs as catalyst support has attracted 
significant attention owing to their interesting features. The nano-size of the 
particles offers a substantially increased surface area for high capacity of 
catalyst loading.32,33 The catalyst species are attached on the nanoparticles 
surface, providing facile access for the reactant molecules and avoiding 
diffusion constraints commonly associated with porous solid supports.34-36 The 
nanoparticles are highly dispersible in reaction medium, forming a 
homogeneous mixture which leads to efficient contact of the catalyst with 
substrate molecules to achieve high catalytic performance.33,37,38 Moreover, 
the magnetic property allows for convenient recovery of the nanoparticles in 
the presence of external magnetic field after the reaction to facilitate the 




Loading of the catalytic species onto MNPs supports is typically achieved by 
surface modification of the MNPs.41 More specifically, this strategy comprises 
of three steps: synthesis of the MNPs core, coating of the MNPs core with a 
suitable protecting material, and functionalization of the coating layer with the 
desired catalytic species. 
 
2.5.1 Synthesis of MNPs 
 
MNPs with various compositions have been synthesized, including pure 
metals (Fe, Co, Ni),148-150 alloys (FePt, FePt3),
151,152 ferrites (CoFe2O4, 
MgFe2O4),
153,154 and iron oxides (FeO, Fe2O3, Fe3O4).
155-157 Iron oxides are the 
main representative of the MNPs with inexpensive cost and distinctive 
biocompatibility and biodegradability properties.158  
 
The size of nanoparticles is comparable to the size of a single magnetic 
domain, leading to a superparamagnetic behavior. Superparamagnetic 
nanoparticles, as in paramagnetic materials, do not retain magnetization when 
the external field is removed. However, their magnetic susceptibility is much 
larger than that of paramagnets. Superparamagnetic particles exhibit no 
hysterysis in the magnetization curve, that is neither remanence nor coercivity 
occurs (Figure 2.20 (b)). Remanence (Mr) is residual magnetism present after 
saturation and the subsequent removal of the external field. Coercivity (Hc) is 
the magnetic field required to drive the net magnetization back to zero. In 
contrast, ferromagnetic materials display hysterysis loop in the magnetization 




Figure 2.20 Magnetization curve of (a) ferromagnetic materials and (b) 
superparamagnetic materials.159 
 
The superparamagnetic features of MNPs find suitable application in catalysis 
field. The use of MNPs as the catalyst support enables the catalyst to be 
rapidly recovered after reaction in the presence of external magnetic field. 
Upon removal of the external magnetic field, the MNPs can be redispersed 
back to the reaction mixture during recycling without the risk of forming 
aggregations. The available techniques for measuring magnetic properties of 
MNPs are the vibrating sample magnetometry (VSM) and superconducting 
quantum interference device (SQUID) magnetometry. 
 
A wide variety of methodologies to synthesize iron oxide MNPs are known, 
including chemical co-precipitation, thermal decomposition, microemulsion, 
hydrothermal, and sol-gel methods.  
 
2.5.1.1 Co-precipitation method 
 
Co-precipitation is regarded as the most facile method to synthesize iron oxide 
MNPs. The reaction involves mixing of aqueous Fe2+ and Fe3+ salt solutions 
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under base conditions and inert environment.158 The chemical reaction is 
described as follow: 
Fe2+ + 2 Fe3+ + 8 OH- → Fe3O4 + 4 H2O 
Beside its simplicity, the other virtues of this method are the high yield, fast 
reaction time, mild reaction conditions, and the use of aqueous solutions. The 
size, shape, and composition of the MNPs produced depend on the type of 
precursor, pH value, reaction temperature, ionic strength, and the Fe2+/Fe3+ 
ratio employed.158 
 
2.5.1.2 Thermal decomposition method 
 
Thermal decomposition approach employs organometallic precursors in high-
boiling organic solvents containing stabilizing surfactants. The organometallic 
precursors used are iron-cupferronate, iron acetylacetonate, and iron 
carbonyl.160 The commonly used surfactants are hexadecylamine, oleic acid, 
and other fatty acids.161 This approach is useful when accurate control of 
particle size and shape is desired. However, it is generally a complex method 
which involves the use of high boiling point organic solvent at very high 
temperature (up to 320 °C) and long reaction time (up to days). 
 
2.5.1.3 Microemulsion method 
 
In microemulsion technique, aqueous phase of iron salt solution is dispersed as 
microdroplets in hydrocarbon phase with the aid of surfactant. By mixing, the 
microdroplets will continuously collide, merge, and break, and ultimately form 
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a precipitate in the micelles.162 The process is then followed by extraction of 
the nanoparticle precipitates by addition of solvent. This technique allows 
synthesis of iron oxide MNPs with various morphologies. However, the 
process is not very efficient as large amounts of solvent are required and the 
particle yield is low.  
 
2.5.1.4 Hydrothermal method 
 
In hydrothermal method, the mixture of iron salt, high-boiling point reducing 
agents, and surfactant are reacted at high temperature and high pressure. The 
particle size is mainly adjusted by controlling the reaction temperature and 
time. High temperatures result in faster nucleation rate compare to the crystal 
growth rate, thereby generate MNPs with small size. On the other hand, 
prolonging the reaction time favors the crystal growth. This method is 
advantageous to produce iron oxide MNPs with precise size and structure. 
Nevertheless, this method is rarely employed due to the need to apply high 
temperature (> 200 °C) and pressure (> 130 bar).   
 
2.5.1.5 Sol-gel method 
 
Sol-gel synthesis is based on hydroxylation and condensation of iron 
precursors in solution to form nanoparticles sol. A gel is then formed by 
condensation and polymerization of the sol and finally the crystalline state is 
obtained by heat treatment of the gel.163 The drawback of this approach lies in 
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the difficulty of controlling the synthesis and drying steps, which complicate 
the process of scaling up. 
 
2.5.2 Coating of MNPs 
 
Due to the small size, MNPs possess a very high surface area to volume ratio 
and thereby tends to aggregate to decrease the surface energy. These will 
cancel out the exquisite properties associated with their small size. In addition, 
MNPs are prone towards oxidation and erosion upon exposure to air or 
chemicals, thus causing the loss of magnetism. To circumvent the problems, 
protection strategies need to be applied. One strategy is matrix-dispersion 
method, in which the MNPs are instilled or dispersed into a dense matrix to 
establish a composite. This protection strategy often leads to undesirable result 
as the MNPs are permanently bound in a restricted space.  
 
Alternatively, protecting layer can be introduced to encapsulate the MNPs, 
forming core-shell structured MNPs. Theoretically, there are four kinds of 
forces which contribute to the stability of MNPs in colloidal system, namely 
van der Waals force, magnetic force, electrostatic force, and steric force. 
Aggregation of the MNPs can be avoided by modulating one or two of the 





Figure 2.21 Stabilization of particles by (a) electrostatic repulsion force and (b) steric 
repulsion force.158 
 
The coating layer creates steric repulsion forces which balance the van der 
Waals and magnetic attractive forces acting on the MNPs.41 In this manner, 
aggregation can be avoided and the MNPs are stabilized. In addition, the 
coating layer helps to preserve the MNPs against oxidation or erosion. The 
coating layer could also provide surface functional groups which are viable for 
further modification into the desired catalytic species. In contrast with the 
matrix-dispersion strategy, this protection strategy is more advantageous as the 
individually protected particle can still be freely dispersed in suspension. The 
coating material applied can be classified into two major groups, namely 
organic and inorganic coating.  
 
2.5.2.1 Organic coating 
  
Organic materials for coating of MNPs are generally surfactants and polymers. 
The commonly employed surfactants are long-chain fatty acids, diols, and 
alkyl amines. In addition to the stabilization function, these surfactants also 
offer some regulation functions when incorporated during the synthesis of 
MNPs. The size, structure, and magnetic properties of the MNPs can be 
regulated by choosing the appropriate surfactant with specific nature. Long-
chain fatty acids are widely preferred for this purpose. The carboxylic acid 
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group in long-chain fatty acid can be adsorbed to the surface of MNPs to form 
a dense protective layer.164 In particular, the use of oleic acid enables the 
production of highly uniform and monodisperse MNPs.165  
 
The polymer coatings can be divided into natural polymers and synthetic 
polymers. In general, the formation of polymer coating on MNPs is achieved 
by direct polymerization at the particle surface or adsorption onto the 
particles.166 A wide variety of natural polymers have been utilized for coating 
of MNPs, including chitosan,167 dextran,168 pullulan,169 alginate,170 
carrageenan,171 gum arabic,172 heparin,173 and starch.174 Such biopolymers are 
generally non-toxic and biodegradable, thus suitable for biomedical and 
biotechnological applications.  
 
The reported synthetic polymers employed for MNPs coating include 
poly(ethylene glycol),175 poly(vinyl alcohol),176 poly(divinyl benzene),177 
polyaniline,178 polypyrrole,179 polystyrene,180 and poly(glycidyl 
methacrylate).181 In particular, poly(glycidyl methacrylate) (PGMA) is an 
attractive coating material owing to the presence of its reactive epoxide groups 
which can be transformed into various kind of functionalities via a ring 
opening reaction.182 The structures of some synthetic polymers utilized for 





Figure 2.22 Chemical structures of some synthetic polymers employed for coating of 
MNPs. 
 
2.5.2.2 Inorganic coating 
 
The inorganic materials commonly utilized for coating of MNPs are silica, 
carbon, and precious metals. To accomplish silica coating on MNPs, the well-
known Stöber method can be applied.183,184 The formation of silica layer is 
based on hydrolysis and condensation of silicon alkoxides precursor in a 
mixture of alcohol/water in basic conditions. The typical silicon alkoxide used 
is tetraethyl orthosilicate (TEOS). The limitation of this coating material is 
related to its porous structure which could allow the diffusion of oxygen or 
other chemicals and ultimately lead to the damage of the MNPs core.41  
 
Carbon coating are relatively less developed compared to the other coating 
materials. Due to the lack of effective synthetic methods, the particles are 
often obtained as aggregated clusters with broad size distribution.41,185 Coating 
of MNPs with precious metals is another known approach. For instance, 
MNPs coated with platinum186 and gold187 have been reported. Nevertheless, 
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the synthesis protocol is generally difficult due to the different nature of the 
two metallic materials employed as the core and the shell.33 
 
2.5.3 Functionalization of MNPs 
 
Coated-MNPs bearing surface functional groups serve as good template for 
the introduction of the desired catalytic species. Metal catalysts such as 
palladium,188 platinum,189 and rhodium190 have been anchored to MNPs. In 
addition, immobilization of enzymes such as chloroperoxidase,181 epoxide 
hydrolase,191 alcohol dehydrogenase RDR,192 and lipases193 onto MNPs have 
been achieved as well. 
 
In synthesizing acid-functionalized MNPs catalyst, the apparent challenge is 
that the acid reagent may corrode the MNPs core and subsequently lead to loss 
of magnetism. Therefore, engineering of the catalyst with good protection 
strategy for the MNPs core and correct selection of the suitable acid reagent is 
necessary.  
 
The important parameters of the developed magnetic nano-size solid acid 
catalyst are size, acid capacity, activity, and recyclability. After the coating 
and functionalization step, the catalyst should be in nanometer size range. The 
success of the acid functionalization of the MNPs is determined by the 
measured acid capacity. Acid capacity refers to the amount of acid species in 
the catalyst and generally expressed in mmol g-1. Activity refers to the rate of 
reaction. Turnover frequency (TOF), defined as the number of molecules that 
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react per active site per unit time (in units of reciprocal time), is an important 
way to evaluate catalytic activity and compare different catalysts.194,195 
Recyclability is the primary advantage of heterogeneous catalyst over it 
homogeneous counterpart and is substantial to reduce the production cost. It is 
related to the constancy of the catalyst performance during repeated usage. 
 
Two examples of magnetic nano-size solid acid catalysts are known. Gill et al. 
synthesized magnetic nano-size solid acid catalyst for a hydrolytic reaction.196 
The expensive cobalt ferrite (CoFe2O4) was utilized as the MNPs core and 
silica was employed as the coating material. The coated MNPs were 
subsequently functionalized with sulfonic acids. The resultant catalysts have 
an irregular shape and non-uniform particle size ranging from 50 nm up to 1 
µm. The measured acid capacity was moderate, namely 0.47 mmol g-1. Feyen 
et al. reported the synthesis of sulfonic acid-functionalized polystyrene-coated 
Fe3O4 MNPs as catalyst for a condensation reaction.
197 The catalyst size was 
90 nm and the acid capacity was 2.2-2.5 mmol g-1. The catalyst stability was 
poor, showing significantly decreased acid capacity during recycling. The loss 
of catalyst magnetism was also observed during recycling, which is likely due 
to the use of high concentration fuming sulfuric acid during functionalization 
step of the catalyst which leads to corrosion of the MNPs core. 
 
Sulfonic acids are strong acids which have similar acidity characteristics to 
sulfuric acid, thus being attractive acid species for the magnetic nano-size 
solid acid catalyst. They classically refer to organic acids which contain one or 
more sulfonic (–SO3H) groups. The chemical formula is RSO3H, where the 
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typical R-groups are alkane, alkene, alkyne, and arene.198 The pKa value for 
methanesulfonic acid, ethanesulfonic acid, propanesulfonic acid, and benzene 
sulfonic acid are −1.92, −1.68, −1.53, and −2.8, which is quite comparable 
with pKa value of sulfuric acid (−2.8).198 
 
Another interesting class of strong acid is heteropolyacid. Heteropolyacids are 
complex proton acids with polyoxometalate anions (heteropolyanions).199 
Comparison of the stepwise dissociation constants between heteropolyacids 
and typical mineral acids such as H2SO4, HCl, and HNO3 revealed that the 
heteropolyacids exhibited significantly stronger acidity.199,200 The superacidity 
of heteropolyacids is related to the size of the polyoxometalate anions which 
are larger than those of the mineral acids.14,189 This ultimately leads to weaker 
bonding with the proton and higher extent of dissociation. In particular, 
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The increasing energy and fuel demand, crude oil reserves crisis, and 
environmental regulation have increased attention toward biodiesel as a 
renewable and cleaner alternative to petroleum-based diesel.8,5 Biodiesel is a 
long chain fatty acid methyl ester (FAME) produced from vegetable oils via 
base-catalyzed transesterification with methanol. Due to the high cost of these 
feedstocks, the current price of biodiesel is still high.19,201 Recently, grease has 
become an attractive feedstock for biodiesel preparation, since it is a waste at 
low price and is non-edible.14 However, the conventional base-catalyzed 
transesterification cannot be used for the production of biodiesel from grease, 
due to the high free fatty acid (FFA) content (15–40 wt%) in grease.202 To 
solve this problem, grease may be pretreated via an acid-catalyzed 
esterification to transform FFA into FAME, followed by a base-catalyzed 
transesterification to convert the remaining triglycerides into FAME.86,203  
 
Homogeneous acid catalysts such as sulfuric acid are known for the 
esterification of FFA but suffer from many drawbacks such as corrosion, 
pollution, complex downstream neutralization, difficult separation, and no 
reusability of the catalysts.86,204 Heterogeneous solid acid catalysts are thus 
preferred as greener and recyclable catalysts. However, the reported 
heterogeneous acid catalysts have been thus far unsatisfactory for the 
esterification of FFA.87,88 Zeolite gave poor catalytic performance due to the 
low densities and low accessibility of the acid sites.89 Sulfated zirconia was 
expensive and prone to deactivation.90,91 Sulfonic-acid functionalized ion-
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exchange resins suffered from low catalytic activity and high cost.92,93 
Diarrylammonium catalysts incorporated on supports94,95 required the use of 
expensive triflic acid, high temperature, and high pressure, and they could 
only be reused three times. 
 
As part of our continuing efforts towards the investigation of grease as a 
potential biodiesel feedstock,205 we are interested in developing novel 
heterogeneous acid catalysts with high activity, stability, recyclability, and low 
cost for the esterification of FFA from grease. Since the low activity of current 
solid acid catalysts is mainly caused by the diffusional limitation of porous 
materials or the low acid loading and mass transfer limitation of the large-size 
carriers, we choose magnetic nanoparticles (MNPs) as the carriers to prepare 
nano-size solid catalyst containing acid groups on the surface. The high 
surface-area-to-volume ratio of MNPs could allow for high acid loading and 
the nano-size of the catalyst could enable good dispersibility and high mass 
transfer efficiency,34,37 thus improving the catalytic activity. The use of MNPs 
could also allow for the convenient and efficient recovery of nanocatalysts 
under a magnetic field, thus facilitating catalyst recycling.32,33,35 MNPs have 
been widely used to prepare metal catalysts such as palladium,188 platinum,189 
and rhodium,190 and biocatalysts.181,191,192 Two examples of magnetic nano-
size solid acid catalysts are known: sulfonic acid-functionalized silica-coated 
CoFe2O4 MNPs
196 and sulfonic acid-functionalized polystyrene-coated Fe3O4 
MNPs.197 The former is an expensive catalyst with moderate acid loading 
(0.47 mmol g−1) and was examined for a hydrolytic reaction. The latter 
showed high acid loading (2.2–2.5 mmol g−1), but with significantly decreased 
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acid capacity after recycling in a condensation reaction. We have focused on 
the engineering of cheap and stable iron oxide MNPs as a nano-size acid 
catalyst for an esterification reaction. Herein, we report novel core–shell 
structured iron oxide MNPs with a poly(glycidyl methacrylate) (PGMA) shell 
and sulfonic acid surface functions as a highly active, stable, and easily 
recyclable nano-size solid acid catalyst for the high-yielding esterification of 
FFA in grease with methanol for two-step biodiesel production (Scheme 3.1). 
The catalytic performance was also compared with those of other newly 
fabricated magnetic nano- or micro-size solid acid catalysts and the well-
known heterogeneous acid catalyst Amberlyst 15.  
 
 
Scheme 3.1 Production of FAME from grease via two steps: (I) esterification of free 
fatty acid in grease with methanol using nano-size solid acid catalyst; (II) 










Iron(III) chloride hexahydrate (97%), iron(II) chloride tetrahydrate (99%), 
potassium oleate (40 wt. % in H2O), ammonium hydroxide (28% NH3 in 
H2O), ammonium persulfate (≥98.0%), glycidyl methacrylate (97%), Na2SO3 
(≥98%), NH2(CH2)2SO3H (≥99%), NaHSO3 (~40%), hydrochloric acid (37%), 
styrene (≥99%), sulfuric acid (95.0-98.0%), tetraethylorthosilicate (98%), 3-
mercaptopropyltrimethoxysilane (95%), sodium chloride (≥98%), potassium 
hydrogen phthalate (≥99.95%) and Amberlyst 15 (hydrogen form, dry, 16-
50 mesh) were purchased from Sigma-Aldrich. Deionized (DI) water was 
obtained from Millipore Elix 10 UV water purification system. Methanol 
(HPLC), isopropanol (HPLC), n-hexane (HPLC), n-hexadecane (99%) were 
purchased from Fisher. Ethanol (99.9%), sodium hydroxide (99%) and 
potassium hydroxide (99%) were purchased from Merck. Hydrogen peroxide 
(30% in H2O) was obtained from VWR. Waste grease (16 wt% FFA, 0.14 
wt% moisture, 0.94 g/mL density, and 891 g/mol mean molecular weight) 
sourced from grease traps in Singapore’s sewage system was supplied from 
Alpha Biofuels Pte. Ltd., Singapore. 
 
3.2.2 Characterizations of particles and solid acid catalysts 
 
The size and structure of the particles were analyzed by a JEOL JEM-2010 
transmission electron microscope (TEM) and a JEOL JSM-6700F field 
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emission scanning electron microscope (FESEM). FTIR spectra were recorded 
on a Bio-Rad FTS 135 spectrophotometer with KBr pellet technique. The 
effective range was from 400 cm-1 to 4000 cm-1. Powder X-ray diffraction 
patterns (XRD) were collected on a Bruker D8 Advance X-ray diffractometer. 
Cu Kα was used as the X-ray source and a continuous scan mode was used to 
collect 2θ data from 20-80°. Magnetic property of the catalyst was measured 
using vibrating sample magnetometer (VSM) ADE magnetics EV-7. The acid 
capacities of the catalysts were determined by acid-base titration using 
saturated NaCl solution as an ion-exchange agent. A 15 ml of NaCl solution 
ion-exchanged with 15 mg of catalyst particles was titrated with 0.02 M 
NaOH solution (previously standardized with potassium hydrogen phthalate) 
using an 877 Titrino plus volumetric titrator from Metrohm until endpoint 7 
reached. 
 
3.2.3 Synthesis procedure for SO3H-PGMA-MNPs catalysts 
 
Oleic acid-coated iron oxide OA-MNPs (8-20 nm) and poly(glycidyl 
methacrylate)-coated iron oxide PGMA-MNPs (90 nm) were synthesized as 
described previously.181 Na2SO3 (0.91-7.28 g), NH2(CH2)2SO3H (0.90-4.51 g), 
or NaHSO3 (0.19-9.37 mL) was then mixed with the PGMA-MNPs in DI 
water (72 mL). The mixture was stirred at 80 °C for 2-24 h. The resultant 
sulfonated particles were repeatedly washed by DI water. The particles were 
then protonated with 48 mL HCl solution (4%), repeatedly washed by DI 
water, and freeze-dried. A 118 mg SO3H-PGMA-MNPs (90 nm) were 
obtained as pale brown powder with ca. 98% yield from PGMA-MNPs. 
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3.2.4 Synthesis procedure for SO3H-PS-MNPs catalysts  
 
OA-MNPs with diameter range of 8-20 nm (25 mg), ammonium persulfate (25 
mg), and styrene (0.316 mL) were added into 40 mL DI water in a flask. The 
mixture was stirred at 80 °C for 2.5 h. The resultant mixture of PS-MNPs (80 
nm) was centrifuged at 16700 g for 10 min and washed by DI water several 
times. Concentrated sulfuric acid (5.2 mL) or 6 M sulfuric acid solution (32 
mL) was then mixed with the PS-MNPs and the mixture was stirred at r.t.-75 
°C for 0.25-24 h. The resultant sulfonated particles were repeatedly washed by 
DI water and freeze-dried, yielding 79 mg SO3H-PS-MNPs (80 nm) as a 
brown powder with ca. 76% yield from PS-MNPs. 
 
3.2.5 Synthesis procedure for SO3H-Si-MNPs catalyst  
 
OA-MNPs with diameter range of 8-20 nm (8 mg), ammonium hydroxide (5 
mL), ethanol (160 mL), and tetraethylorthosilicate (1 mL) were added into 40 
mL DI water in a flask. The mixture was stirred at room temperature for 24 h. 
The resultant mixture of Si-MNPs (200 nm) was centrifuged at 16700 g for 10 
min, washed by DI water several times, and freeze-dried. Si-MNPs (60 mg), 
ethanol (10 mL), and 3-mercaptopropyltrimethoxysilane (1 mL) were then 
added into 10 mL of DI water and the mixture was stirred at room temperature 
for 24 h. The resultant SH-Si-MNPs (200 nm) were repeatedly washed by DI 
water. Subsequently, the SH-Si-MNPs, methanol (10 mL), and hydrogen 
peroxide (10 mL) were added into 10 mL DI water and the mixture was stirred 
at room temperature for 24 h. The resultant particles were washed by DI 
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water. Lastly, the particles were added into 1 M sulfuric acid (10 mL) and the 
mixture was stirred at room temperature for 6 h. The resultant sulfonated 
particles were repeatedly washed by DI water and freeze-dried, yielding 59 mg 
SO3H-Si-MNPs (200 nm) as a brown powder with ca. 98% yield from Si-
MNPs. 
 
3.2.6 Synthesis procedure for micro-size SO3H-PGMA-MNPs catalyst 
 
OA-MNPs with diameter range of 8-20 nm (6.75 mg), ammonium persulfate 
(25 mg), and glycidyl methacrylate (0.316 mL) were added into 30 mL DI 
water in a flask. The mixture was stirred at 80 °C for 1 h. The resultant 
mixture of PGMA-MNPs (90 nm) was centrifuged at 16700 g for 10 min, 
washed by DI water several times, and re-suspended in DI water. Na2SO3 
(7.28 g) was then added into 72 mL PGMA-MNPs solution and the mixture 
was stirred at 80 °C for 24 h. The resultant sulfonated particles were 
repeatedly washed by DI water. The particles were protonated with 48 mL 
HCl solution (4%), repeatedly washed by DI water, and dried by vacuum 
evaporation. A 90 mg SO3H-PGMA-MNPs (60-350 µm) were obtained as 
pale brown granules with ca. 75% yield from PGMA-MNPs. 
 
3.2.7 Synthesis procedure for micro-size SO3H-PS-MNPs catalyst 
 
OA-MNPs with diameter range of 8-20 nm (25 mg), ammonium persulfate (25 
mg), and styrene (0.316 mL) were added into 40 mL DI water in a flask. The 
mixture was stirred at 80 °C for 2.5 h. The resultant PS-MNPs mixture was 
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centrifuged at 16700 g for 10 min, washed by DI water, and dried by vacuum 
evaporation to afford PS-MNPs granules (60-500 µm). Sulfuric acid (7.5 mL) 
was then mixed with 150 mg PS-MNPs granules and the mixture was stirred at 
40 °C for 1.5 h. The resultant sulfonated granules were repeatedly washed by 
DI water and dried by vacuum evaporation, yielding 114 mg SO3H-PS-MNPs 
as brown granules with ca. 76% yield from PS-MNPs. 
 
3.2.8 Esterification of FFA in grease with nano- or micro-size solid acid 
catalysts on 0.4 mL scale 
 
8 mg PGMA-cat 4, PS-cat 12, PS-cat 13, Si-cat 14, PGMA-cat (m) 15, PS-cat 
(m) 16 or Amberlyst 15 was added into 0.2 g grease and 0.18 mL methanol in 
a closed-capped tube (Axygen). The reaction mixture was stirred at 70 ºC 
(corresponding vapor pressure ca. 1.2 bar) in a metal bath (Bioer Technology) 
for 0.5-5 h, yielding 0.16 g pretreated grease (corresponds to 80% isolated 
yield). After reaction, the mixture was centrifuged at 16700 g for 10 min and 
the pretreated grease (0.13 g) was taken for FFA content determination. The 
results were given in Table 3.2 and Figure 3.5. 
 
3.2.9 Esterification of FFA in grease with PGMA-cat 4 on 4 mL scale  
 
80 mg PGMA-cat 4 was added into 2 g grease and 1.8 mL methanol in a 
round-bottom flask (CTech Scientific) equipped with magnetic stirrer. The 
reaction mixture was stirred at 70 ºC (corresponding vapor pressure ca. 1.2 
bar) in a silicon oil bath heated by a magnetic stirring hotplate with 
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temperature sensor (Heidolph) for 4 h to reduce FFA content in grease to less 
than 0.5 wt%, yielding 1.64 g pretreated grease (corresponds to 82% isolated 
yield). Aliquots (0.2 mL) were taken and centrifuged at 16700 g for 10 min. 
The pretreated grease (0.13 g) was taken for FFA content determination. 
 
3.2.10 Determination of FFA content in the pretreated grease by titration 
 
The remaining FFA in pretreated grease was quantitatively analyzed by acid-
base titration. A 0.13 g of the pretreated grease was dissolved in isopropanol 
and titrated with a 0.02 M KOH solution (previously standardized with 
potassium hydrogen phthalate) using an 877 Titrino plus volumetric titrator 
from Metrohm until endpoint 8.2 reached. The esterification conversion was 
calculated as the difference between the initial and the final amount of FFA in 
grease, divided by the initial amount of FFA in grease.  
 
3.2.11 Transesterification of the pretreated grease on 2 mL scale  
 
0.025 g KOH was added into pretreated grease (1.5 g) and methanol (0.4 mL) 
in a round-bottom flask (CTech Scientific) equipped with magnetic stirrer. 
The reaction mixture was stirred at 65 ºC (corresponding vapor pressure ca. 1 
bar) in a silicon oil bath heated by a magnetic stirring hotplate with 
temperature sensor (Heidolph) for 2 h, yielding 1.32 g of FAME (corresponds 
to 88% isolated yield). The resultant FAME (50 µL) was taken for FAME 
yield determination by gas chromatography (GC). To prepare the GC sample, 
50 µL reaction mixture was washed with 50 µL DI water and centrifuged at 
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16700 g for 10 min. Finally, 5 µL oil from top layer was dissolved in 995 µL 
of hexane containing 2 mM of hexadecane as internal standard. 
 
3.2.12 Determination of FAME purity by GC analysis 
 
The FAME yield and purity were quantitatively analyzed by using Agilent 
7890A Series GC system equipped with a split/splitless injection system, a 
flame-ionization detector (FID) and a capillary column (HP-INNOWax, 
Agilent Tecnologies, 30m × 0.25mm × 0.25µm). The temperature of injector 
and detector were set at 240 °C and 280 °C, respectively, and the column 
temperature was raised from 150 to 225 °C at 15 °C/min, 225 to 260 °C at 5 
°C/min, and kept at 260 °C for 3 min.205 To prepare the GC sample, 50 μL 
reaction mixture was washed with 50 μL DI water and centrifuged at 16,700 g 
for 10 min. Finally, 5 μL oil from top layer was dissolved in 995 μL of n-
hexane containing 2 mM of n-hexadecane as internal standard. Retention time: 
2.75 min for n-hexane, 2.90 min for caprylic acid methyl ester, 3.98 min for n-
hexadecane, 5.10 min for lauric acid methyl ester, 6.35 min for myristic acid 
methyl ester, 7.88 min for palmitic acid methyl ester, 8.20 min for margaric 
acid methyl ester, 9.71 min for linoleic acid methyl ester, 10.01 min for oleic 
acid methyl ester, and 10.53 min for stearic acid methyl ester. The FAME 
content of the product sample was determined by comparing it with the 





3.2.13 Recycle and reuse of nano- and micro-size solid acid catalysts 
 
8 mg PGMA-cat 4, Si-cat 14, PGMA-cat (m) 15, or Amberlyst 15 was added 
into 0.2 g grease and 0.18 mL methanol in a closed-capped tube (Axygen). 
The reaction mixture was stirred at 70 ºC (corresponding vapor pressure ca. 
1.2 bar) in a metal bath (Bioer Technology) for 2-5 h to reduce FFA content in 
grease to less than 0.5 wt%. After reaction, the particles were separated from 
reaction mixture. The catalysts were then washed with 1 mL n-hexane, 
recovered by permanent magnet, and air-dried. The catalysts were added to 
new batch of grease and methanol to start the next reaction cycle. 
 
3.3 Results and Discussion 
 
3.3.1 Preparation and characterization of nano- and micro-size solid acid 
catalysts 
 
Synthesis route of the nano-size solid acid catalysts is shown in Scheme 3.2. 
The catalysts consist of iron oxide cores, coating shell, and sulfonic acid 
functional groups on the surface. Three types of materials were employed 
separately to coat the magnetic iron oxide cores, namely PGMA, polystyrene 
(PS) and silica (Si). These coating materials protect the magnetic iron oxide 
cores and provide surface functional groups onto which the sulfonic acid 




PGMA chains contain epoxide groups, which are chemically active and thus 
allow for facile attachment of sulfonic acids. PS chains contain reactive 
benzene rings which can be grafted with sulfonic acid moieties. Si is 
terminated by silanol functional groups which can be modified into thiols and 
subsequently oxidized to sulfonic acids. Sulfonic acid was selected as the acid 
functional groups due to its low cost and high catalytic activity. The sulfonic 
acids were covalently attached onto each magnetic nanoparticles support, 
yielding stable solid acid catalysts which can be recycled and reused without 
any need of regeneration step. 
 
 







In the first step, iron oxides OA-MNPs were synthesized by co-precipitation 
method in the presence of oleic acid (OA) as surfactant,181 in the diameter 
range of 8-20 nm for the preparation of SO3H-PGMA-MNPs. In the second 
step, PGMA coating was introduced by controlled polymerization to give 
PGMA-MNPs possessing core-shell structure with a mean diameter of 90 
nm.181 This core-shell structure is advantageous to protect the OA-MNPs in 
next step of catalyst synthesis to maintain its magnetic property. In the third 
step, sulfonic acids were attached onto the PGMA-MNPs via ring-opening of 
the epoxide groups, followed by sulfonation reaction facilitated by sulfonation 
reagents.  
 
Three sulfonation reagents were used, namely Na2SO3, NH2(CH2)2SO3H 
(taurine), and NaHSO3 to give SO3H-PGMA-MNPs in 98% yield from 
PGMA-MNPs. The reaction conditions for this sulfonation step are tabulated 
in Table 3.1. The number of sulfonic acid groups introduced on the PGMA-

















Catalyst Size Acid 




1 PGMA-MNPs Na2SO3 80   0.1   2 PGMA-cat 1 90 nm 0.1 Easy 
2 PGMA-MNPs Na2SO3 80   0.5   2 PGMA-cat 2 90 nm 1.3 Easy 
3 PGMA-MNPs Na2SO3 80   0.8   2 PGMA-cat 3 90 nm 1.6 Easy 
4 PGMA-MNPs Na2SO3 80   0.8 24 PGMA-cat 4 90 nm 2.3 Easy 
5 PGMA-MNPs Taurinec 80   0.1   2 PGMA-cat 5 90 nm 0.04 Easy 
6 PGMA-MNPs Taurinec 80   0.3   2 PGMA-cat 6 90 nm 0.05 Easy 
7 PGMA-MNPs Taurinec 80   0.5   2 PGMA-cat 7 90 nm 0.04 Easy 
8 PGMA-MNPs Taurinec 80   0.5 24 PGMA-cat 8 90 nm 0.03 Easy 
9 PGMA-MNPs NaHSO3 80   0.01   2 PGMA-cat 9 90 nm 0.05 Difficult 
10 PGMA-MNPs NaHSO3 80   0.1   2 PGMA-cat 10 90 nm 0.05 Difficult 
11 PGMA-MNPs NaHSO3 80   0.5   2 PGMA-cat 11 90 nm 0.05 Difficult 
12 PS-MNPs H2SO4 r.t. 18   0.25 PS-cat 12 80 nm 1.1 Difficult 
13 PS-MNPs H2SO4 75   6 24 PS-cat 13 80 nm 0.2 Easy 
14 Si-MNPs H2O2/H2SO4 r.t.   1   6 Si-cat 14 200 nm 0.5 Easy 
15 PGMA-MNPs (m)d Na2SO3 80   0.8 24 PGMA-cat (m) 15 60-350 µm 2.3 Easy 
16 PS-MNPs (m) d H2SO4 40 18   1.5 PS-cat (m) 16 60-500 µm 2.3 Easy 
a Calculated by titration experiment.  b Conducted by permanent magnet (neodymium, BHmax = 31 MGsOe).
 c Taurine = 
NH2(CH2)2SO3H. 
d Micro-size particles. 
 
Entries 1-3 in Table 3.1 suggested that higher concentration of Na2SO3 led to 
higher acid capacity of the resulting catalysts. By comparing entries 3 and 4 in 
Table 3.1, it was suggested that prolonging sulfonation time further improved 
acid capacity of the resultant catalyst. PGMA-cat 1-4 with mean diameter size 
of 90 nm possess good magnetic strength and can be easily recovered by 
commercial permanent magnet with BHmax of 31 MGsOe. Good magnetic 
strength of the catalyst is desirable since it enables complete recovery of the 
nanoparticles when external magnetic field employed. 
 
However, when NH2(CH2)2SO3H was used as sulfonation agent, the obtained 
acid capacity was very low, namely in the range of 0.03-0.05 mmol g-1. Entry 
8 in Table 3.1 showed that even at optimal NH2(CH2)2SO3H concentration and 
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24 h reaction time, acid capacity of PGMA-cat 8 was only 0.03 mmol g-1. 
Although the epoxide groups of PGMA-MNPs could readily react with the 
amine groups of NH2(CH2)2SO3H, a little acidity is introduced since 
NH2(CH2)2SO3H is a zwitterion. 
 
When NaHSO3 was used as sulfonation agent, magnetic strength of the 
resultant catalysts was decreased and their separation became difficult. 
NaHSO3 dissociates in water to HSO3
- ions, which may provide acidic 
condition and thus led to corrosion of the OA-MNPs. In a low concentration of 
NaHSO3 and short reaction time, acid density of PGMA-cat 9 was only 0.05 
mmol g-1. Thus, it can be concluded that Na2SO3 is the most suitable 
sulfonation agent for synthesize of PGMA-MNPs catalyst with high acid 
capacity and good magnetic property.  
 
FT-IR spectra of PGMA-MNPs and PGMA-cat 1-4 prepared with different 
concentrations of Na2SO3 and reaction times are shown in Figure 3.1. PGMA-
MNPs displayed strong absorption bands at 1730 cm-1 arising from –C=O 
stretching and at 2950 and 3000 cm-1 attributed to the methylene chains. Four 
bands at 760, 850, 906 and 1260 cm-1 are characteristic absorption bands of 
the epoxide ring. After sulfonation reaction, the absorption bands of the 
epoxide ring decreased to lower intensity, which verifies the success of surface 
function modification of the epoxide rings on PGMA-MNPs. In addition, there 
is a new band at 1040 cm-1, which is characteristic absorption band of the 
sulfonic acid. Intensity of this band increase in accordance with the increase of 
acid loading of the catalysts. The successful loading of sulfonic acid onto the 
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PGMA-MNPs is also evidenced by the broad band at around 3400 cm-1 due to 
the –OH stretching. However, the characteristic band of Fe-O-Fe stretching 
from the OA-MNPs at around 600 cm-1 is difficult to be observed due to the 
relatively low weight percentage of the OA-MNPs in the catalyst samples 
compared to the weight percentage of the PGMA coating. 
 
 
Figure 3.1 FT-IR spectra of PGMA-MNPs and PGMA-cat 1-4. 
 
Figure 3.2 represents the XRD patterns of the OA-MNPs, PGMA-MNPs and 
PGMA-cat 4. Six diffraction peaks corresponding to the (220), (311), (400), 
(422), (511) and (440) planes of Fe3O4 crystal are observed, and the position of 
these diffraction peaks match well with standard XRD pattern for Fe3O4 (based 
on JCPDS files 19-629). The XRD pattern of PGMA-MNPs and PGMA-cat 4 
showed substantial increase of the scattering intensity recorded, especially at 
scattering angle smaller than 50°, which is probably due to the presence of the 
low-crystalline polymer coating. Although the peaks representing (422) and 
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(511) planes are less obvious for these samples, the other peaks can be 
properly observed, indicating the retention of the magnetic Fe3O4 crystal 
during the coating and sulfonation process.  
 
 
Figure 3.2 XRD patterns of OA-MNPs, PGMA-MNPs and PGMA-cat 4. 
 
TEM image of PGMA-cat 4 in Figure 3.3(a) confirms that the core-shell 
structure of the parent PGMA-MNPs remains unaltered. The darker spots 
inside the particles represent the OA-MNPs cores, whereas the lighter regions 
surrounding them represent the PGMA coating shell. It can be seen that the 
OA-MNPs cores are as intact as those of the parent PGMA-MNPs after 
sulfonation. FESEM image of PGMA-cat 4 in Figure 3.3(b) also shows that 
there is no change in particles surface after sulfonation. Both TEM and 
FESEM results reveal that the mean size measured for PGMA-cat 4 was 90 





Figure 3.3 (a) TEM image and (b) FESEM image of PGMA-cat 4. 
 
3.3.1.2 SO3H-PS-MNPs and SO3H-Si-MNPs 
 
As reference catalysts, nano-size solid acid catalysts based on PS-MNPs and 
Si-MNPs were also synthesized. For PS-MNPs as the starting material, firstly 
PS coating was introduced by controlled polymerization to give PS-MNPs 
possessing core-shell structure with mean diameter of 80 nm. H2SO4 was then 
used to attach sulfonic acids onto the the benzene rings on the surface of PS-
MNPs (Scheme 3.2). As can be seen from entry 12, Table 3.1, sulfonation of 
PS-MNPs by using concentrated H2SO4 gave catalyst with high acid density of 
1.1 mmol g-1. However, when the catalyst separation was tested with 
permanent magnet, it was found that its magnetic strength was greatly reduced 
compared to that of its parent PS-MNPs. It is likely that the OA-MNPs were 
corroded by the concentrated H2SO4 during sulfonation, thus gave rise to low 
magnetic strength of the catalyst. The loss of magnetic property of PS-MNPs 
during functionalization with high concentration of sulfonation agent was 
previously observed.197 On the other hand, as can be seen from entry 13, Table 
3.1, sulfonation of PS-MNPs with lower concentration of H2SO4 gave catalyst 
with substantially lower acid capacity, although good magnetic property was 
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maintained. TEM image of PS-cat 13 in Figure 3.4(a) showed that the OA-
MNPs cores are intact and can be clearly observed inside the catalyst particles. 
From the TEM image, the mean size measured for PS-cat 13 was 80 nm, 
similar to the size of the original PS-MNPs. However, the acid capacity of PS-
cat 13 is low. Further increasing H2SO4 concentration to 7 M afforded catalyst 
with low magnetic strength and thus difficult separation. Therefore, it was not 
possible to prepare PS-cat with both high acid capacity and good magnetic 
properties. In comparison, the introduction of acid groups onto PGMA-MNPs 
was performed with Na2SO3. The gentle reaction condition allowed for the 
preparation of PGMA-cat 4 with high acid capacity while maintaining the 
good magnetic property and stability.  
 
For Si-MNPs as the starting material, firstly Si coating of OA-MNPs was 
introduced by adapting Stöber method.184 Then, sulfonic acids were 
introduced by modifying the silanol surface functional groups on Si-MNPs 
into thiols, followed by oxidation of the thiols with H2O2 and protonation with 
H2SO4 (Scheme 3.2). As shown in entry 14, Table 3.1, the resultant Si-cat 14 
possessed good magnetic property with moderate acid density of 0.5 mmol g-1, 
which is comparable with that of CoFe2O4 MNPs-based nano-size solid acid 
catalysts reported in other study.196 Figure 3.4(b) showed that the OA-MNPs 
were well retained in the catalyst particles and the catalyst mean size was 200 





Figure 3.4 TEM image of (a) PS-cat 13 and (b) Si-cat 14; SEM image of (c) PGMA-
cat (m) 15 and (d) PS-cat (m) 16. 
 
From the preparation of nano-size solid acid catalysts based on PGMA-, PS- 
and Si-MNPs, it can be seen that the utilization of PGMA-MNPs as the 
catalyst support is more preferable as the resultant catalyst possessed high acid 
capacity and maintain good magnetic property after sulfonation step. 
Moreover, the sulfonation agent were used in relatively low concentration, 
thus allows safer and environmentally benign process of catalyst synthesis.  
 
3.3.1.3 SO3H-PGMA-MNPs (micro) and SO3H-PS-MNPs (micro) 
 
As other reference catalysts, micro-size solid acid catalysts based on PGMA-
MNPs and PS-MNPs was also synthesized. The PGMA-cat (m) 15 and PS-cat 
(m) 16 are the aggregated form of PGMA- cat 4 and PS-cat 12, respectively, 
which was achieved by drying the corresponding nanoparticle solution using 
vacuum evaporation technique. The resultant PGMA-cat (m) 15 and PS-cat 
90 
 
(m) 16 possessed acid density of 2.3 mmol g-1 with good magnetic property. 
SEM image of PGMA-cat (m) 15 in Figure 3.4(c) and PS-cat (m) 16 in Figure 
3.4(d) showed that the microparticles size are 60-350 µm and 60-500 µm, 
respectively. The size of PGMA-cat (m) 15 and PS-cat (m) 16 are smaller than 
that of the support used for ion-exchange resin, which is typically in 
millimetre range. It was predicted that size of catalyst support correlates with 
its mass transfer behavior and the corresponding catalytic performance.   
 
3.3.2 Esterification of FFA in grease with methanol by using nano- and 
micro-size solid acid catalysts 
 
PGMA-cat 4 was used as nano-size solid acid catalysts at 4 wt% loading 
(referred to grease) for the esterification of FFA of 0.2 g grease at a 
methanol:FFA molar ratio of 40:1 and at 70 °C. Nano-size PS-cat 12, PS-13, 
and Si-cat 14, micro-size PGMA-cat (m) 15 and PS-cat (m) 16, and ion-
exchange resin Amberlyst 15 with larger size of support were also examined 
as reference catalysts for the same reaction.  
 
Table 3.2 compares the initial rates and turnover frequencies (TOFs) 
determined at the first 30 min for the esterification of FFA in grease with 
methanol over various solid acid catalysts. As can be seen, the initial rates 
decrease in the order of PS-cat 12 > PS-cat (m) 16 > PS-cat 13 > PGMA-cat 4 
> PGMA-cat (m) 15 > Si-cat 14 > Amberlyst 15. The nano-size and micro-
size solid acid catalysts synthesized based on PS templates gave the highest 
initial rates, followed by those based on PGMA and Si templates. This trend is 
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consistent with the order of pKa value of the acid groups of these catalysts, 
namely, -2.8 for benzenesulfonic acid in PS-cat, -1.92 for methanesulfonic 
acid in PGMA-cat, and -1.53 for propanesulfonic acid in Si-cat.198 This trend 
may be also partially due to the different properties of the coating material, 
whereby polymer material tend to swell in the reaction media and thus 
increase the amount of catalytic sites readily accessible by the substrates.88,206 
The more hydrophobic nature of PS could help the adsorption and desorption 
process of FFA, leading to higher reaction rates than the less hydrophobic 
PGMA templates.87,207 As for the Si material, its fixed textural property 
generates a rigid mesostructure and leads to non-swelling behaviour.208  
 
Table 3.2 Catalytic performance of various solid acid catalysts for the esterification 
of FFA in grease (0.2 g) at a methanol:FFA molar ratio of 40:1, catalyst loading of 4 
wt% (referred to grease), and 70 °C 
      Reusability 
Catalyst Acid capacitya         
(mmol g-1) 
Conv. 
(2 h, %) 
Initial rateb  
(mmol g-1 min-1) 
TOFb      
(min-1) 
Separationc  Cycles Relative  
conv.d (%) 
PGMA-cat 4 2.3 96 0.27 0.12 Easy 10 100 
PS-cat 12 1.1 96 0.44 0.39 Difficult n.d. n.d 
PS-cat 13 0.2 95 0.29 1.33 Easy   2   52 
Si-cat 14 0.5 83 0.19 0.35 Easy   3   68 
PGMA-cat (m) 15 2.3 85 0.22 0.09 Easy   3   61 
PS-cat (m) 16 2.3 97 0.32 0.14 Easy   6   74 
Amberlyst 15 4.1 67 0.17 0.04 Easy 10 100 
a Calculated by titration experiment. b Determined at 30 min reaction time. c Conducted by permanent magnet 
(neodymium, BHmax = 31 MGsOe). 
d Final-cycle conversion relative to first-cycle conversion. 
 
Furthermore, it can also be observed that PS-cat 12 and PGMA-cat 4 has 
higher initial rates compared to PS-cat (m) 16 and PGMA-cat (m) 15, 
respectively, despite having lower or equal value of acid density. These results 
highlight the important advantage of nano-size catalyst which reduces mass-
transfer limitation and provides better contact between catalyst sites and 
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substrates, thus translates to higher catalytic performances. PS-cat 13 has 
lower initial rate than PS-cat (m) 16, due to its much lower acid capacity. In 
comparison with other listed solid acid catalysts, Amberlyst 15 with 
benzenesulfonic acid groups and PS surface gave the lowest initial rate. This 
may be attributed to the low accessibility of grease to the sulfonic acids sites 
located inside the resin porous structure. 
 
The TOFs tabulated in Table 3.2 were calculated by dividing the initial rates 
by acid capacities of the catalysts. The TOFs decrease in the order of PS-cat 
13 >PS-cat 12 > Si-cat 14 > PS-cat (m) 16 > PGMA-cat 4 > PGMA-cat (m) 15 
> Amberlyst 15. This TOF trend is similar to the initial rate trend, except that 
the TOF of PS-cat 13 and Si-cat 14 are higher. This may suggest that the 
slightly longer side chain in Si-cat 14 increased the accessibility of the acid 
sites to the grease. Despite the higher TOF of PS-cat 13, the acid capacity of 
this catalyst is low, and it was found to aggregate after the reaction, creating 
difficulty for catalyst separation. The higher TOF observed for PS-cat 12 
compared to PS-cat (m) 16 and PGMA-cat 4 compared to PGMA-cat (m) 15 
suggest again that the smaller size of catalyst exposes more acid groups to the 
grease. The poor TOF of Amberlyst 15 indicates that substantial amount of 
sulfonic acids are not participated in the reaction, due to their limited 
accessibility to the grease. 
 
Figure 3.5 illustrates the time course of esterification of FFA in grease with 
methanol over various solid acid catalysts at 70°C. Overall, reactions catalysed 
by nano- and micro-size solid acid catalysts showed fast conversion rates in 
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the first 0.5-2 h, and then became steady due to the equilibrium. On the other 
hand, slower reaction progress in the case of Amberlyst 15 was observed, 




Figure 3.5 Esterification of FFA in grease with methanol by using various solid acid 
catalyst. Reaction conditions: methanol:FFA molar ratio of 40:1, catalyst loading 4 
wt% (referred to grease), 70 °C. 
 
The FFA conversion achieved by the solid acid catalysts in 2 h is also 
tabulated in Table 3.2. The nano- and micro-size solid acid catalysts showed 
good activity, in which by using 4 wt% of the catalysts, more than 80% FFA 
conversion was achieved within 2 h. This result is much better compared to 
the 67% FFA conversion achieved by Amberlyst 15. In particular, PGMA-cat 
4, PS-cat 12, and PS-cat (m) 16 showed excellent performance in achieving 
96% FFA conversion, which corresponds to reduction of FFA content in 
grease from 16 wt% to less than 0.5 wt%. This FFA level is sufficiently low 
for further conversion into FAME via conventional base-catalyzed 
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transesterification. 0.16 g pretreated grease was obtained, with an isolated 
yield of 80%. 
 
Esterification of FFA in grease at 70 °C with PGMA-cat 4, PS-cat 12, Si-cat 
14, and PS-cat (m) 16 was scaled-up by using 2 g grease, 1.8 mL methanol, 
and 80 mg catalyst, resulting in high FFA conversion of 97% within 4 h, 98% 
within 2 h, 90% within 4 h and 97% within 2 h for each catalyst, respectively. 
1.64 g pretreated grease was obtained, with an isolated yield of 82%. Thus, 
these results confirm the feasibility of using the synthesized nano- and micro-
size catalysts in scaled-up condition. Furthermore, the pretreated grease was 
used for the subsequent FAME production with base-catalyzed 
transesterification to give FAME with an isolated yield of 88%. 
 
3.3.3 Recycling of catalysts in the esterification of FFA in grease with 
methanol 
 
Stability and reusability of the catalyst are crucial to bring down the cost of 
biodiesel production. Despite of its high activity, PS-cat 12 cannot be 
recovered from the product mixture due to poor magnetic property. The 
stability and reusability of other solid acid catalysts were investigated by 
separating them after esterification of FFA in grease with methanol and 
reusing them for new reaction cycle. The results are tabulated in Table 3.2.  
 
As presented in Figure 3.6(a), PGMA-cat 4 demonstrated excellent stability 
and reusability, maintaining 96% conversion throughout 10 cycles of 
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reactions. This performance is comparable to that of Amberlyst 15. As the 
catalyst is stable, there is no regeneration step needed to restore the acid 
capacity of the catalyst, thus decreasing the cost of catalyst production and 
hence the cost of biodiesel production.  
 
 
Figure 3.6 (a) Recycling and reuse of PGMA-cat 4 in the esterification of FFA in 
grease with methanol. Reaction conditions: methanol:FFA molar ratio of 40:1, 
catalyst loading 2 wt% (referred to grease), 70 °C, 1.5 h; (b) VSM of PGMA-cat 4; 
(c) Separation of PGMA-cat 4 by external magnetic field. 
 
The field-dependent magnetization curve of PGMA-cat 4 was measured by 
vibrating sample magnetometer (VSM) and the result is displayed in Figure 
3.6(b). As can be seen, there is no remanence or coercivity, demonstrating 
superparamagnatic characteristic of the particles. Figure 3.6(c) showed that the 
catalyst can be facilely, fast, and completely separated by permanent magnet 
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to assist its recovery and thus demonstrates the concept of magnetically 
separable nanoparticles as catalyst support.  
 
PS-cat 13 was found to aggregate after the first esterification cycle. As only 
few acid groups were introduced, the catalyst was probably highly 
hydrophobic and readily adsorbed the sticky fatty acid molecules, led to its 
aggregation. The catalyst performance during the recycling was poor, as in the 
end of the second cycle, the FFA conversion only reached 49%, which is 52% 
compared to the FFA conversion reached in the first cycle. This may be 
attributed to the catalyst aggregation which rendered its poor dispersability in 
the reaction system and limited contact between the substrate and acid sites. In 
comparison, the high acid capacity and less hydrophobicity of PGMA-cat 4 
prevent from aggregation during biodiesel preparation and catalyst recycling. 
 
The Si-cat 14 performance during the recycling was also poor, as in the end of 
the third cycle, the FFA conversion only reached 61%, which is 68% 
compared to the FFA conversion reached in the first cycle. This may be 
caused by the adsorption of impurities from the oil substrate onto the Si 
material, which covered the active acid sites leading to catalyst 
deactivation.208,209 
 
For PGMA-cat (m) 15, the FFA conversion in the end of third cycle only 
reached 55%, which is 61% compared to the FFA conversion reached in the 
first cycle. Similarly, for PS-cat (m) 16, the FFA conversion in the end of sixth 
cycle was only 74% compared to the FFA conversion reached in the first 
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cycle. The activity decrease of these micro-size catalysts may be due to the 
trapping of some product mixture containing water between the humps in the 
surface of the microparticles, formed by the packed arrangement of 
nanoparticles aggregates. The existence of water promotes hydrolysis of 
FAME to FFA, thus decreasing the overall FFA conversion achieved. 
 
Considering the catalyst preparation, catalytic performance, and recyclability, 
PGMA-cat 4 is the best nano-size solid acid catalyst with higher activity, 
stability and recyclability, among these magnetic nano- or micro-size solid 
acid catalysts and Amberlyst 15 for the esterification of FFA in the production 




Active, stable, and recyclable magnetic nano-size solid acid catalysts have 
been developed, for the first time, as efficient catalysts for the esterification of 
FFA in grease with methanol to produce biodiesel. A novel solid acid catalyst 
PGMA-cat 4 consisting of magnetic iron oxide MNPs core, poly(glycidyl 
methacrylate) shell, and sulfonic acid groups on the surface was facilely 
fabricated in 98% yield from the corresponding PGMA-MNPs containing 
epoxide as the surface groups by gentle sulfonation with Na2SO3. The catalyst 
possesses a mean size of 90 nm, high acid capacity of 2.3 mmol g-1, and 
excellent superparamagnetic property. PGMA-cat 4 catalyzed the 
esterification of FFA (16% wt%) in grease with methanol at 4 wt% loading to 
give 96% FFA conversion within 2 h. The catalytic performance was much 
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better than that of large-size solid acid catalyst Amberlyst 15, demonstrating 
the advantage of the small size of catalyst particles in reducing mass-transfer 
limitation and providing better accessibility of the catalyst sites for the 
substrates. PGMA-cat 4 was easily separable from the reaction mixture under 
magnetic field and showed high stability and recyclability, with no loss of the 
productivity after 10 cycles of the esterification.  
 
PGMA-cat 4 was much better than other type of nano-size solid acid catalysts: 
PS-cat 12 and PS-cat 13 consisting of polystyrene shell and benzenesulfonic 
acids on the surface was active but with no or poor recyclability; Si-cat 14 
consisting of silica shell and sulfonic acids as surface groups was also quite 
active but with rather poor recycling performance, retaining only 68% 
productivity during the third reaction cycle. The stable poly(glycidyl 
methacrylate) shell and the mild sulfonation conditions with Na2SO3 make 
PGMA-cat 4 with higher stability and better magnetic property. Moreover, 
PGMA-cat 4 also showed better activity and recyclability than its micro-size 
counterpart, PGMA-cat (m) 15. The esterification product with PGMA-cat 4 
was easily transformed to biodiesel by using conventional base-catalyzed 
transesterification, giving FAME in 88% isolated yield. Thus, the developed 
novel nano-size solid acid catalyst enables the efficient esterification of FFA, 













MAGNETIC NANOPARTICLES AS AN EFFICIENT 
AND RECYCLABLE CATALYST FOR THE ONE 
POT PRODUCTION OF BIODIESEL FROM 





 4.1 Introduction 
 
The demand of renewable and clean energy has been increased rapidly due to 
the potential depletion of crude oil reserves, the rising of oil price, and the 
environmental concerns. Biodiesel is an attractive alternative fuel, composed 
of long chain fatty acid methyl esters (FAME) produced from vegetable oil.5 
Currently, the production of biodiesel encounters feedstock problem: 
vegetable oil is edible and its price is high.11,203 On the other hand, waste 
grease containing triglycerides and free fatty acid (FFA, 15-40 wt%) is non-
edible and cheap, thus being a very attractive feedstock for biodiesel 
production.14,16 However, there is a technical challenge: the commonly used 
base-catalysed process is not applicable due to the high FFA content in 
grease.11 Acid catalysis could be useful for the transformation of waste grease 
into biodiesel.86-88 Grease may be pretreated via an acid-catalysed 
esterification of FFA into FAME, followed by a base-catalysed 
transesterification of the remaining triglycerides into FAME. Ideally, acid 
catalysis could be used for simultaneous esterification of FFA and 
transesterification of triglyceride to achieve one-pot preparation of FAME 
from grease. Clearly, the one-pot production is of advantages: avoiding the 
separation of intermediates and reducing the production cost.97,210,211  
 
Homogeneous acid catalysts are impractical for biodiesel production due to 
the problems of corrosion, pollution, complex neutralization, difficult 
separation, and non-reusability.87,88 Heterogeneous solid acid catalysts are thus 
preferable, offering potential environmentally benign and cost-effective 
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process via catalyst recycling.21,212 Several heterogeneous acid catalysts have 
been developed for the esterification of FFA89-95,213 or the transesterification of 
triglyceride with methanol,98-100 with some success. However, it is still 
challenging to efficiently perform simultaneous esterification of FFA and 
transesterification of triglyceride with methanol using heterogeneous acid 
catalysts. The reported solid catalysts for this type of reaction have been thus 
far unsatisfactory. Tungstated zirconia showed low ester yield (38%) for the 
transformation of artificial mixture of tricaprylin and 0-25 wt% lauric acid.101 
Phosphotungstic acid H3PW12O40 (HPW) supported on tantalum pentoxide 
gave moderate ester yield (60%) for the conversion of artificial mixture of 
tripalmitin and 20 wt% myristic acid.102 HPW impregnated on silica, alumina, 
and activated carbon demonstrated also moderate ester yield (65-67%) for the 
transformation of artificial mixture of canola oil and 10-20 wt% oleic acid at 
200 °C.103 HPW impregnated on hydrous zirconia gave 90% ester yield for the 
same transformation, but requiring also very high  reaction temperature (200 
°C).103 Zirconia is expensive, and the catalyst preparation needs calcination at 
300 °C. Zinc stearate immobilized on silica gel catalysed the transformation of 
waste cooking oil containing 15% FFA with high ester yield (98%). However, 
the reaction temperature (200 °C) is also very high.104 All these reported 
catalysts have porous structures, thus encountering mass transfer limitation in 
the oily system and giving rise to low catalytic activity. Moreover, this type of 
catalysts usually show low acid capacity due to the difficult immobilization or 
impregnation of the active acid sites on the surfaces of the pores.23-25 
Regarding catalyst recycling, only two cases showed no significant loss of 
productivity after  one25 or three26 times’ reuse of the catalyst.  
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The application of magnetic nanoparticles (MNPs) as catalyst support has 
attracted increasing attention due to their good dispersibility, high surface-
area-to-volume ratio, easy surface modification, and simple magnetic 
separation.32-38 Sulfonic acid was supported on silica-coated cobalt ferrite 
MNPs196 and on polystyrene-coated iron oxide MNPs197 as the catalyst for a 
hydrolytic and a condensation reaction, respectively. Previously as described 
in Chapter 3, we developed novel sulfonic acid-attached core-shell structured 
MNPs as an active and recyclable nano-size solid acid catalyst for the 
esterification of FFA (16 wt%) in grease with 96% yield,213 allowing for 
efficient pretreatment step in the two-step production of biodiesel from grease. 
However, this catalyst showed very low activity for the transesterification of 
triglyceride in grease. In accordance with our long-standing interest in using a 
one-pot process for biodiesel production from grease,193,205,214 we have been 
focused on the development of solid acid catalysts for simultaneous 
esterification of FFA and transesterification of triglyceride. In this chapter, we 
report the synthesis and characterization of phosphotungstic acid-
functionalized magnetic nanoparticles consisting of iron oxide MNPs core, 
poly(glycidyl methacrylate) (PGMA) shell, and HPW surface function as a 
novel magnetic nano-size solid acid catalyst as well as the high performance 
of the active and recyclable catalyst for one-pot production of biodiesel from 
grease via simultaneous esterification and transesterification (Scheme 4.1). 
The catalytic performance has also been compared with the commercially 





Scheme 4.1 Production of biodiesel from grease via esterification of free fatty acid 
(FFA) and transesterification of triglyceride with methanol in one pot using nano-size 






Iron(III) chloride hexahydrate (97%), iron(II) chloride tetrahydrate (99%), 
potassium oleate (40 wt% in H2O), ammonium hydroxide (28% NH3 in H2O), 
ammonium persulfate (≥98.0%), glycidyl methacrylate (97%), sodium 
phosphate dibasic (Na2HPO4, ≥99.0%), sodium phosphate tribasic (Na3PO4, 
96%), sodium tungstate dihydrate (Na2WO4.2H2O, ≥99.0%), hydrochloric acid 
(36.5-38.0%), Amberlyst 15 (hydrogen form, dry, 16-50 mesh), zeolite 
(<45 μm), triacetin (≥99.0%), n-butylamine (99.5%), potassium hydrogen 
phthalate (≥99.95%), and GLC-10 FAME mix analytical standard (20% 
palmitic acid methyl ester, 20% linoleic acid methyl ester, 20% oleic acid 
methyl ester, 20% stearic acid methyl ester, and 20% linolenic acid methyl 
ester) were purchased from Sigma-Aldrich. Deionized (DI) water was 
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obtained from Millipore Elix 10 UV water purification system. Methanol 
(dried, max. 0.003% H2O), potassium hydroxide (99%), and phosphoric acid 
(85%) were purchased from Merck. Sodium phosphate monobasic dihydrate 
(NaH2PO4.2H2O, 96%) was purchased from Kanto Chemical. Acetonitrile 
(HPLC), isopropanol (HPLC), n-hexane (HPLC), and n-hexadecane (99%) 
were purchased from Fisher. Waste grease (21.3 wt% FFA) sourced from 
grease traps in Singapore’s sewage system and Purolite CT-275 from Purolite 
Pte. Ltd. were supplied by Alpha Biofuels Pte. Ltd., Singapore. 
 
4.2.2 Characterizations of particles and solid acid catalysts 
 
Energy-dispersive X-ray spectroscopy (EDX) spectra were recorded on an 
Oxford Instruments INCAx-act system. Fourier transform infrared 
spectroscopy (FT-IR) spectra in the range of 400-4000 cm-1 were recorded on 
a Bio-Rad FTS 135 spectrophotometer using KBr pellet technique. Field 
emission scanning electron microscopy (FESEM) images were taken on a 
JEOL JSM-6700F model. Transmission electron microscopy (TEM) images 
were taken on a JEOL JEM-2010 model. Vibrating sample magnetometer 
(VSM) curve was obtained by using ADE magnetics EV-7 model. Metrohm 
877 Titrino plus volumetric titrator was used to determine the acid capacity of 
the catalyst and FFA content of the FAME sample. Determination of the acid 
capacity of the catalyst is as follows:215 catalyst particles (7 mg) were mixed 
with acetonitrile (6 mL), and the mixture was stirred at room temperature for 3 
h. The mixture was then titrated to neutralization point with 0.02 M n-
butylamine in acetonitrile. 
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4.2.3 Determination of triacetin conversion and FAME yield by GC 
analysis 
 
The triacetin and FAME concentration were quantitatively analysed by using 
Agilent 7890A Series GC system equipped with a split/splitless injection 
system, a flame-ionization detector (FID) and a capillary column (HP-
INNOWax, Agilent Technologies, 30 m × 0.25 mm × 0.25 µm), and 
predetermined temperature program.205 The GC samples were prepared by 
mixing the sample (5 µL) with n-hexane containing 2 mM n-hexadecane as 
internal standard (995 µL). Retention time: 3.887 min for n-hexadecane and 
6.378 min for triacetin. The triacetin conversion was calculated by comparing 
the initial and the final triacetin concentration. The FAME yield was 
calculated by comparing the FAME concentrations of the product and the 
standard FAME samples prepared from grease via two-step reaction.205  
 
4.2.4 Preparation of FAME standard from grease via two-step reaction  
 
In the first step, esterification of FFA in grease was performed. Novozyme 
435® (0.1 g) was added into 5 g of grease and 0.395 mL of methanol 
(methanol/grease molar ratio of 3.5:1) in a round-bottom flask (CTech 
Scientific) equipped with magnetic stirrer. The reaction mixture was stirred at 
30 °C in silicon oil bath heated by a magnetic stirring hotplate with 
temperature sensor (Heidolph) for 19 h. After reaction, the mixture was 
centrifuged at 16700 g for 10 min to separate the Novozyme 435® from the 
pretreated grease. Then, the pretreated grease was taken for FFA content 
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determination and the result showed that its FFA content decreased from 21.3 
wt% to 0.45 wt%.  
 
In the second step, transesterification of the remaining triglyceride in grease 
was performed. 68 mg of KOH was added into 4 g of pretreated grease and 
1.122 mL of methanol (methanol/grease molar ratio of 6:1) methanol in a 
round-bottom flask (CTech Scientific) equipped with magnetic stirrer. The 
reaction mixture was stirred at 65 °C in silicon oil bath heated by a magnetic 
stirring hotplate with temperature sensor (Heidolph) for 18 h. After reaction, 
the product mixture was centrifuged at 16700 g for 10 min to separate the 
glycerol by-product. Then, the product mixture was subjected to rotary 
evaporation to remove the excess methanol, washed with 0.2% HCl solution to 
neutralize the KOH, and washed with DI water until the washing water 
reached neutral pH. MgSO4 was then mixed with the product for overnight. 
Finally, the mixture was centrifuged at 16700 g for 10 min and the FAME 
standard in the supernatant (3.52 g, corresponds to 88% isolated yield) was 
collected. 
 
4.2.5 Synthesis of magnetic iron oxide nanoparticles H2PO4-PGMA-MNPs 
5 
 
Oleic acid-coated iron oxide OA-MNPs (8-20 nm) and poly(glycidyl 
methacrylate)-coated iron oxide PGMA-MNPs (90 nm) were synthesized 
based on published protocol.181 A mixture of Na2HPO4 (4.26 g) and PGMA-
MNPs (51.9 mg) in DI water (20 mL) was stirred at 80 °C for 48 h. The 
107 
 
resulting particles were repeatedly washed by DI water, giving H2PO4-PGMA-
MNPs 5 (48 mg, 90 nm) in 93% yield from PGMA-MNPs.  
 
4.2.6 Synthesis of phosphotungstic acid-functionalized iron oxide 
nanoparticles HPW-PGMA-MNPs 11 as magnetic nano-size solid acid 
catalyst  
 
A mixture of Na2WO4.2H2O (24 mg), HCl (70 μL), and H2PO4-PGMA-MNPs 
5 (48 mg) in DI water (28 mL) was stirred at room temperature for 17 h. The 
resulting particles were repeatedly washed by DI water and freeze-dried, 
giving HPW-PGMA-MNPs 11 (48 mg, 90 nm) in 100% yield from H2PO4-
PGMA-MNPs 5. 
 
4.2.7 Transesterification of triacetin with solid acid catalysts 
 
HPW-PGMA-MNPs 11, Amberlyst 15, Purolite CT-275, or zeolite (4 mg) 
were mixed with triacetin (0.11 g) and methanol (0.357 mL), and the mixture 
was stirred at 60 ºC for 30 min. After reaction, the mixture was subjected to 
separation by using a permanent magnet (for HPW-PGMA-MNPs 11), or 
centrifuged at 16700 g for 10 min (for the other catalysts). Sample (5 µL) was 





4.2.8 Transformation of grease to FAME in one-pot esterification and 
transesterification with solid acid catalysts 
 
HPW-PGMA-MNPs 11, Amberlyst 15, Purolite CT-275, or zeolite (6 mg) 
were mixed with grease (0.15 g) and methanol (0.685 mL) in a closed-capped 
tube (Sigma-Aldrich) equipped with magnetic stirrer. The mixture was stirred 
at 73-122 ºC (corresponding vapor pressure ca. 1.4-6.6 bar)  in a silicon oil 
bath heated by a magnetic stirring hotplate with temperature sensor (Heidolph) 
for 5-24 h. After reaction, the mixture was subjected to separation by using a 
permanent magnet (for HPW-PGMA-MNPs 11), or centrifuged at 16700 g for 
10 min (for the other catalysts). The supernatant was then subjected to vacuum 
evaporation to remove methanol. MgSO4 (ca. 1 mg) was mixed with the 
resulting sample for overnight to absorb the by-products water and glycerol. 
Finally, the mixture was centrifuged at 16700 g for 10 min to separate the 
MgSO4 from the biodiesel product. Sample (5 µL) was taken to determine the 
FAME yield by GC and the FFA conversion by titration. 
 
4.2.9 One-pot transformation of grease to FAME with HPW-PGMA-
MNPs 11 on a 2 g-scale 
 
HPW-PGMA-MNPs 11 (80 mg) were mixed with grease (2 g) and methanol 
(9.1 mL) in a round-bottom pressure flask (Ace Glass) equipped with 
magnetic stirrer. The mixture was stirred at 122 ºC (corresponding vapor 
pressure ca. 6.6 bar) in a silicon oil bath heated by a magnetic stirring hotplate 
with temperature sensor (Heidolph) for 24 h. After reaction, the mixture was 
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subjected to separation by using a permanent magnet to recover HPW-PGMA-
MNPs 11 from the supernatant. The supernatant was then subjected to vacuum 
evaporation to remove the methanol. MgSO4 (ca. 13 mg) was mixed with the 
resulting sample for overnight to absorb the by-products water and glycerol. 
Finally, the mixture was centrifuged at 16700 g for 10 min to separate the 
MgSO4 to give FAME (1.94 g) in 97% isolated yield. The purity of FAME 
was determined by GC and the FFA conversion was determined by titration, 
giving 96% FAME with 96% FFA conversion. 
 
4.2.10 Recycling of HPW-PGMA-MNPs 11 in one-pot production of 
biodiesel from grease 
 
HPW-PGMA-MNPs 11 (6 mg) were mixed with grease (0.15 g) and methanol 
(0.685 mL) in a closed-capped tube (Sigma-Aldrich) equipped with magnetic 
stirrer. The mixture was stirred at 122 ºC (corresponding vapor pressure ca. 
6.6 bar) in a silicon oil bath heated by a magnetic stirring hotplate with 
temperature sensor (Heidolph) for 24 h. After reaction, the catalyst was 
separated from the mixture by using a permanent magnet. It was subsequently 
washed with n-hexane (0.6 mL) once and methanol (0.6 mL) twice, recovered 
by a permanent magnet, and air-dried. The catalyst was then used for the new 





4.2.11 Preparation of HPW-PGMA-MNPs via one-step immobilization of 
HPW to PGMA-MNPs  
 
A mixture of H3PO4 (3.33 μL), Na2WO4.2H2O (33.3 mg), HCl (26.67 μL), and 
PGMA-MNPs (60 mg) in DI water (5 mL) was stirred at 80 °C for 1 h. The 
resulting particles were repeatedly washed by DI water and freeze-dried.  
 
4.3 Results and Discussion 
 
4.3.1 Preparation and characterization of HPW-PGMA-MNPs  
 
HPW was chosen as the acid on the surface of MNPs due to its strong 
superacidity.199 In situ formation of HPW on MNPs was designed since the 
covalent bonding between the acid and MNPs could allow for high stability 
and recyclability of the resulting catalyst. The overall synthesis steps of the 
phosphotungstic acid-functionalized magnetic nanoparticles HPW-PGMA-





Scheme 4.2 Synthesis of phosphotungstic acid-functionalized iron oxide particles 
HPW-PGMA-MNPs as magnetic nano-size solid acid catalyst. 
 
Firstly, iron oxide MNPs were prepared as magnetic seeds for the catalyst. 
Oleic acid-coated iron oxide MNPs (OA-MNPs) with diameter range of 8-20 
nm were synthesized via co- precipitation method by utilizing oleic acid as the 
surfactant.181 Secondly, poly(glycidyl methacrylate) (PGMA) layer 
encapsulating the OA-MNPs was introduced to give two-fold advantages: 
preserving the magnetic seeds to enhance the catalyst stability and providing 
versatile epoxide groups on the surface of MNPs for further modification.41 
Core-shell structured MNPs containing iron oxide core and PGMA shell 
(PGMA-MNPs) with mean diameter of 90 nm were formed via controlled 
polymerization.181 Thirdly, phosphate groups were introduced via opening of 
the epoxide groups with Na2HPO4 to obtain H2PO4-PGMA-MNPs. Lastly, in 
situ formation of HPW on the phosphate function was achieved by reaction 
with Na2WO4.2H2O under acidic condition. The final catalyst HPW-PGMA-




For comparison, immobilization of HPW to PGMA-MNP via one-step 
preparation was tried. By adopting the preparation of HPW in its free acid 
form, H3PO4 and Na2WO4.2H2O were utilized as the source of P and W, 
respectively, for the formation of the acid. Both reagents were mixed with 
PGMA-MNPs under acidic environment, and the resulting particles were 
analysed by energy-dispersive X-ray (EDX) spectroscopy and titration. The 
particles possessed low P and W content (0.07 and 2.62 wt%, respectively) 
and low acid capacity (0.4 mmol g-1). Thus, the attachment of HPW on 
PGMA-MNPs was limited, and HPW might be mainly formed in the 
supernatant. Therefore, the two steps approach is much better for in situ 
formation of HPW on the surface of PGMA-MNPs.  
 
Several reagents were tested for the phosphonation of PGMA-MNPs, 
including H3PO4, Na3PO4, and NaH2PO4 (Table 4.1). The particles 
phosphonated with H3PO4 possessed low Fe content with poor magnetic 
properties due to corrosion of their magnetic core by the strong acid. 
Phosphonation using Na3PO4 and NaH2PO4 produced particles with good 





Table 4.1 Preparation and characterization of phosphate-functionalized PGMA-
MNPs 
  











Fe P  Magnetic  
property c 
1 PGMA-MNPs H3PO4 0.5   3  90 0.03 1.06  Poor 
2 PGMA-MNPs H3PO4 0.8   3  90 0 1.19  Poor 
3 PGMA-MNPs H3PO4 1.0   3  90 0 1.86  Poor 
4 PGMA-MNPs Na3PO4 0.1 24  90 1.95 0.06  Good 
5 PGMA-MNPs Na3PO4 0.5 24  90 1.44 0.06  Good 
6 PGMA-MNPs Na3PO4 1.0 24  90 0.72 0.04  Good 
7 PGMA-MNPs NaH2PO4 0.1   3  90 1.23 0.10  Good 
8 PGMA-MNPs NaH2PO4 0.1 24  90 1.03 0.08  Good 
9 PGMA-MNPs NaH2PO4 0.5 24  90 0.62 0.04  Good 
a T = 80 °C. b Measured by EDX. c Tested by using permanent magnet (neodymium, BHmax = 31 
MGsOe). 
 
Only the phosphonation with Na2HPO4 gave the particles H2PO4-PGMA-
MNPs with good magnetic properties and high content of Fe and P elements. 
Table 4.2 elaborates the reaction conditions employed during phosphonation 
of PGMA-MNPs with Na2HPO4 and the quantified Fe and P composition of 
the corresponding particles. As shown in entries 1-4 of Table 4.2, increasing 
concentration of Na2HPO4 (0.3-1.5 M) resulted in the increase of P 
composition of H2PO4-PGMA-MNPs. Entries 4-6 in Table 4.2 indicate that 
further improvement of the P content can be achieved by extending the 
reaction time (24-72 h). However, only slight increase was obtained when the 
reaction was carried out beyond 48 h. Thus, the optimum phosphonation 
conditions are 1.5 M Na2HPO4 and 48 h reaction time. Under these conditions, 
H2PO4-PGMA-MNPs 5 was obtained with P content of 1.10 wt% (entry 5, 



























Fe P W 
1 PGMA-MNPs 0.3 24 - - H2PO4-PGMA-MNPs 1 90 0.79 0.34 - - 
2 PGMA-MNPs 0.5 24 - - H2PO4-PGMA-MNPs 2 90 2.30 0.58 - - 
3 PGMA-MNPs 0.8 24 - - H2PO4-PGMA-MNPs 3 90 1.17 0.71 - - 
4 PGMA-MNPs 1.5 24 - - H2PO4-PGMA-MNPs 4 90 2.10 0.85 - - 
5 PGMA-MNPs 1.5 48 - - H2PO4-PGMA-MNPs 5 90 1.92 1.10 - - 
6 PGMA-MNPs 1.5 72 - - H2PO4-PGMA-MNPs 6 90 1.89 1.11 - - 
7 H2PO4-PGMA-MNPs 5 - - 0.6 17 HPW-PGMA-MNPs 7 90 0.55 0.76 1.50 0.87 
8 H2PO4-PGMA-MNPs 5 - - 1.2 17 HPW-PGMA-MNPs 8 90 1.11 1.03 2.10 0.90 
9 H2PO4-PGMA-MNPs 5 - - 1.7 17 HPW-PGMA-MNPs 9 90 0.88 0.93 3.44 0.93 
10 H2PO4-PGMA-MNPs 5 - - 2.3 17 HPW-PGMA-MNPs 10 90 0.98 1.05 4.25 0.98 
11 H2PO4-PGMA-MNPs 5 - - 2.9 17 HPW-PGMA-MNPs 11 90 1.44 1.04 5.51 1.13 
a T = 80 °C. b T = r.t., [HCl] = 0.08 M. c Measured by EDX. d Measured by titration. 
 
In the subsequent step, H2PO4-PGMA-MNPs 5 were reacted with 
Na2WO4.2H2O under acidic condition to obtain HPW-PGMA-MNPs catalyst. 
As shown in entries 7-11 of Table 4.2, increasing concentration of 
Na2WPO4.H2O (0.6-2.9 mM) led to the increase of W composition and acid 
capacity of HPW-PGMA-MNPs. HPW-PGMA-MNPs 11 possessed the 
highest acid density of 1.13 mmol g-1, measured by acid-base titration. This 
indicates the successful in situ formation of HPW on the particles. The 
measured Fe content for all samples were in the range of 0.55–2.30 wt%, 
indicating the retention of magnetic iron oxide core during each synthesis step.  
 
The EDX spectra of H2PO4-PGMA-MNPs 5 and HPW-PGMA-MNPs 11 are 
shown in Figure 4.1. Both spectra display peaks at 0.28 and 0.53 keV which 
correspond to C and O element, respectively. Peaks representing Fe element 
from the iron oxide core are given at 0.71, 6.40 and 7.06 keV. The spectrum of 
H2PO4-PGMA-MNPs 5 in Figure 4.1(a) exhibits characteristic peak of P 
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element at 2.02 keV, indicating the successful phosphonation of PGMA-
MNPs with Na2HPO4. EDX spectrum of HPW-PGMA-MNPs 11 in Figure 
4.1(b) displays additional characteristic peaks of W element at 1.38, 1.78 and 
8.40 keV. These peaks were absent from the H2PO4-PGMA-MNPs 5 
spectrum, suggesting the successful tungsten attachment on the particles 
surface. The quantified W content of the HPW-PGMA-MNPs 11 was 5.51 
wt%.   
 
 
Figure 4.1 EDX spectra of (a) H2PO4-PGMA-MNPs 5 and (b) HPW-PGMA-MNPs 
11. 
 
Figure 4.2 shows Fourier transform infrared (FT-IR) spectra of PGMA-MNPs, 
H2PO4-PGMA-MNPs 5, and HPW-PGMA-MNPs 11. PGMA-MNPs spectrum 
exhibits bands at 1730 cm-1 which attributable to –C=O group from PGMA, 
while the bands at 2950 and 3000 cm-1 correspond to its methylene groups. 
Characteristic bands of the epoxide ring are observed at 760, 850, 906 and 
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1260 cm-1. The spectrum of H2PO4-PGMA-MNPs 5 does not show apparent 
characteristic peaks of phosphate function, which is probably due to its 
relatively low weight percentage of P content with respect to the total weight 
of the particles. The success of phosphonation step is thus confirmed by the 
appearance of broad band centered at 3400 cm-1 which corresponds to the 
hydroxyl groups of the H2PO4- function. The spectrum of HPW-PGMA-MNPs 
11 shows addition of tungsten characteristic peaks at 625 and 821 cm-1. These 
suggest again the successful attachment of tungsten onto the particles.  
 
 
Figure 4.2 FT-IR spectra of (a) PGMA-MNPs, (b) H2PO4-PGMA-MNPs 5, and (c) 
HPW-PGMA-MNPs 11.  
 
The field emission scanning electron microscopy (FESEM) images of H2PO4-
PGMA-MNPs 5 and HPW-PGMA-MNPs 11 are presented in Figure 4.3(a) 
and 4.3(b), respectively. Both particles show similar particle surface texture, 
suggesting no morphology change of the particles after the functionalization 
step. The transmission electron microscopy (TEM) images of H2PO4-PGMA-
MNPs 5 and HPW-PGMA-MNPs 11 (Figure 4.3(a) inset and 4.3(b) inset, 
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respectively) show a core-shell structure. OA-MNPs core is the black dots at 
the centre of the particles and PGMA shell is the lighter area surrounding the 
core. Based on FESEM and TEM measurement, the mean size of H2PO4-
PGMA-MNPs 5 and HPW-PGMA-MNPs 11 were determined to be 90 nm, 
which is consistent to that of the parent PGMA-MNPs. 
 
The magnetic properties of HPW-PGMA-MNPs 11 were measured using a 
vibrating sample magnetometer (VSM) and the resulting magnetization curve 
is presented in Figure 4.3(c). No remanence or coercivity was observed from 
the magnetization curve, revealing the superparamagnetic feature of HPW-
PGMA-MNPs 11. As shown in Figure 4.3(d), HPW-PGMA-MNPs 11 can be 
completely separated within 20 s under magnetic field. 
 
 
Figure 4.3 (a) FESEM and TEM (inset) image of H2PO4-PGMA-MNPs 5; (b) 
FESEM and TEM (inset) image of HPW-PGMA-MNPs 11; (c) VSM of HPW-




4.3.2 Catalytic performance of HPW-PGMA-MNPs 11 and reference 
catalysts for transesterification of triacetin 
 
The activity of HPW-PGMA-MNPs for transesterification of triglyceride with 
methanol was tested by using triacetin, which is a simple triglyceride, as a 
model substrate. Pure triacetin does not contain FFA and water, allowing for 
the study of the transesterification reaction.98 The reaction was performed at 
methanol/triacetin molar ratio of 6:1, 4 wt% catalyst loading (referred to 
triacetin), and 60 °C for 30 min. For comparison, the same reactions were 
performed using three typical solid acid catalysts: Amberlyst 15, Purolite CT-
275, and zeolite. The results were presented as initial rates and turnover 
frequencies (TOFs) in Figure 4.4. The TOF value for each catalyst was 
determined as initial rate divided by acid capacity.  
 
 
Figure 4.4 Transesterification of triacetin by using various solid acid catalysts. 
Reaction conditions: methanol/triacetin molar ratio of 6:1, catalyst loading of 4 wt% 




Zeolite gave no activity for the transesterification of triacetin due to the low 
acid capacity (0.14 mmol g-1) and limited diffusion of the reactant into its 
micropores.89,98 Despite of its high acid capacity (5.20 mmol g-1), Purolite CT-
275 showed very low rate and TOF for the transesterification of triacetin due 
to the strong diffusion limitation. In comparison, Amberlyst 15 (acid capacity 
4.10 mmol g-1) performed better. Although Amberlyst 15 and Purolite CT-275 
are both sulfonic acid-functionalized resins with macroporous polystyrene-
divinylbenzene support in milimeter size, Amberlyst 15 has better swelling 
properties which help to extend the resin pores and thus enhance the 
accessibility of the acid sites.88,216,217 Among the solid acid catalysts, HPW-
PGMA-MNPs 11 demonstrated the highest reaction rate and TOF for the 
transesterification of triacetin with methanol. Compared with Amberlyst 15, 
HPW-PGMA-MNPs 11 have at least 2-times higher reaction rate and 6-times 
higher TOF. Different from microporous solid catalyst, HPW-PGMA-MNPs 
11 is at nano-size, thus giving the low mass transfer limitation and its active 
acid sites on the surface of MNPs allows for easy access for the substrates.  
 
4.3.3 Catalytic performance of HPW-PGMA-MNPs 11 and reference 
catalysts for one-pot production of biodiesel from grease via simultaneous 
esterification and transesterification 
 
HPW-PGMA-MNPs 11 were used to catalyze the simultaneous esterification 
of FFA and transesterification of triglyceride in grease with methanol. The 
effect of the reaction temperature was investigated in the range 73–122 °C by 
performing the one-pot transformation of grease (21.3 wt% FFAs) with a 
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methanol/grease molar ratio of 33 : 1 and a catalyst loading of 4 wt% (referred 
to grease) for 24 h. As shown in Figure 4.5, it was observed that the FAME 
yield was remarkably increased with increased reaction temperatures. While 
only a 22% FAME yield was reached at 73 °C, a 98% FAME yield was 
achieved at 122 °C. The big influence of temperature on the reaction is 
possibly due to the improved miscibility of grease and methanol from the 
separated liquid phases,87,254 enhanced reaction rates, and changed equilibrium 
for both esterification and transesterification. 
 
 
Fig. 4.5 One-pot transformation of grease to FAME by using HPW-PGMA-MNPs 11 
at different reaction temperature. Reaction conditions: methanol/grease molar ratio of 
33:1, catalyst loading of 4 wt% (referred to grease), and 24 h. 
 
The time course of one-pot transformation of grease (0.15 g) to biodiesel with 
HPW-PGMA-MNPs 11 at methanol/grease molar ratio of 33:1, 4 wt% catalyst 
loading, and 122 °C is shown in Figure 4.6. The reaction was fast within the 
first 15 h. At 5 h, FAME was formed in 28% by simultaneous esterification 
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and transesterification; FFA content was reduced to 4.4 wt%, corresponding to 
79% FFA conversion. Thus, 16.9 wt% FFA was converted to FAME via 
esterification. It can be deduced that ca. 11% FAME was produced from 
transesterification. Therefore, the esterification was faster than 
transesterification in this period. At 15 h, FAME was formed in 90% and FFA 
content was reduced to 3.0 wt%. 62% FAME was produced during this 10 h 
period, and the total FAME production rate is similar to that in the first 5 h. 
Clearly, the esterification of FFA was rather slow in this 10 h period, 
producing only ca. 1.5% FAME. This is possibly due to the low FFA 
concentration in the mixture. On the other hand, the transesterification was 
faster, generating ca. 60% FAME in this period. The increased 
transesterification rate, in comparison with 11% FAME in the first 5 h, is 
possibly due to the less competition with the esterification of smaller amount 
of FFA in this period. After 15 h, both FFA and triglyceride concentrations 
were low, and thus both esterification and transesterification were slow. At 24 
h, FAME yield reached 98%, and the FFA content was reduced to 0.88 wt%, 
corresponding to 96% FFA conversion. The conversion for the 






Figure 4.6 Time course of one-pot production of FAME from grease using HPW-
PGMA-MNPs 11. Reaction conditions: methanol/grease molar ratio of 33:1, catalyst 
loading of 4 wt%, and 122 °C.  
 
The catalysis of HPW-PGMA-MNPs 11 for one-pot biodiesel production from 
grease was compared with the other solid acid catalysts at methanol/grease 
molar ratio of 33:1, 4 wt% catalyst loading, and 122 °C for 30 min and 15 h, 
respectively. The reaction rate and TOF for esterification and 
transesterification, the reaction rate and TOF for only esterification, and the 
FAME yield are presented in Table 4.3. Similar to the transesterification of 
triacetin, zeolite gave no reaction in 30 min; Amberlyst 15 showed higher rate 
and TOF for total reactions as well as for esterification than Purolite CT-275; 
and HPW-PGMA-MNPs 11 demonstrated the highest rate and TOF for these 
reactions among the examined solid acid catalysts. At 15 h, Purolite CT-275 
and Amberlyst 15 gave similar FAME yields (66% vs 69%), indicating the 
stronger decreasing of the reaction rates over the time for Amberlyst 15. 
HPW-PGMA-MNPs 11 performed much better and gave 90% FAME yield at 
15 h. Once again, the high performance over long reaction time for HPW-
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PGMA-MNPs 11 is attributed to the low the mass transfer limitation of the 
nanoparticles and the easy access of the active acid sites on the surface of the 
particles. 
 
Table 4.3 One-pot transformation of grease to FAME by using various solid acid 





capacity a         
(mmol g-1) 
FAME yield 
(15 h, %) 
Rate (E&T)b  
(30 min,  
mmol g-1 h-1) 
TOF (E&T)b 
(30 min, h-1) 
Rate (E)c  
(30 min,  
mmol g-1 h-1) 
TOF (E)c 
(30 min, h-1) 
HPW-PGMA-MNPs 11 0.09 1.13 90 12.18 10.78 9.49 8.40 
Amberlyst 15 850 4.10 69   9.77   2.38 7.50 1.83 
Purolite CT-275 900 5.20 66   6.80   1.31 4.73 0.91 
Zeolite 45 0.14   2   0   0 0 0 
a Measured by titration. b For both esterification of FFA and transesterification of triglyceride. c For esterification of 
FFA. 
 
The potential of scaling up of the process was verified by performing the one-
pot transformation of 2.00 g grease at the same reaction conditions described 
above. After 24 h, 1.94 g product was isolated in 97% yield, and the purity of 
FAME was determined by GC as 96%. The FFA content was measured as 0.8 
wt%, indicating 96% FFA conversion via esterification in this preparative 
transformation. These results clearly demonstrate that HPW-PGMA-MNPs 11 
is an active and efficient catalyst for one-pot production of biodiesel from 





4.3.4 Recycling of HPW-PGMA-MNPs 11 for one-pot production of 
biodiesel from grease 
 
For the development of cost-effective process, the reusability of the catalysts 
is very important. To examine the reusability of HPW-PGMA-MNPs 11, the 
transformation of grease with methanol was performed at methanol/grease 
molar ratio of 33:1, 4 wt% catalyst loading, and 122 °C for 24. After the 
reaction, the catalyst was separated from the reaction mixture under magnetic 
field. It was washed with n-hexane and methanol followed by air-dry. No 
regeneration of the catalyst is needed here, which reduces the process cost. 
The catalyst was then used in the new reaction cycle to carry out the one-pot 
production of FAME from grease under the same conditions as for the first 
cycle. Figure 4.7 demonstrated the high FAME yield in each reaction cycle. 
The catalyst is highly stable and recyclable, retaining 95% productivity in 10th 
cycle. The high stability and recyclability of the catalyst is due to the firm 
attachment of HPW on the MNPs via covalent binding to avoid the leakage of 
acids, the stable PGMA shell to protect the MNPs, and the superparamagnetic 





Figure 4.7 Recycling and reuse of HPW-PGMA-MNPs 11 in the one-pot 
transformation of grease to FAME. Reaction conditions: methanol/grease molar ratio 




Novel phosphotungstic acid (HPW)-functionalized magnetic nanoparticles 
(MNPs) were successfully developed as active and recyclable nano-size solid 
acid catalyst. The catalyst HPW-PGMA-MNPs 11 (90 nm) possessing a core-
shell structure containing magnetic iron oxide core and poly(glycidyl 
methacrylate) (PGMA) shell with HPW on the surface was facilely 
synthesized in 93% yield from PGMA-MNPs.  In situ formation of HPW on 
the particle surface was achieved via phosphonation of PGMA-MNPs with 
Na2HPO4 and subsequent reaction with Na2WO4.2H2O under acidic condition, 
affording high acid capacity of 1.13 mmol g-1. The catalyst was fully 
characterized by EDX, FT-IR, FESEM, TEM, and VSM. The high acid 
capacity and nano-size of the catalyst gave rise to high catalytic performance. 
The firm attachment of HPW on the MNPs via covalent binding, the stable 
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PGMA shell, and the superparamagnetic property of the MNPs led to high 
stability and recyclability of the catalyst. 
 
HPW-PGMA-MNPs 11 were proven to be an excellent catalyst for one-pot 
transformation of grease (21.3% wt% FFA) to biodiesel (FAME) via 
simultaneous esterification of FFA and transesterification of trigyceride with 
methanol. 98% FAME yield was achieved at 4 wt% catalyst loading and 122 
°C for 24 h, with 96% conversion for the esterification and >98% conversion 
for the transesterification. The catalyst demonstrated much better performance 
than the compared solid acid catalysts such as Amberlyst 15, Purolite CT-275, 
and zeolite due to its high acidity, high mass transfer efficiency, and easy 
access of the active acid sites which are located on the surface of MNPs. 
HPW-PGMA-MNPs were easily separated from the reaction mixture under 
magnetic field and efficiently reused for further cycles of transformation, 
retaining 95% productivity in the 10th reaction cycle. Regarding the catalytic 
performance and the recyclability in this type of transformation, the developed 
magnetic nano-size solid acid catalyst is also better than other reported solid 
acid catalysts. It is potentially useful for the green and economic production of 














HYDROLYSIS OF BIOMASS BY MAGNETIC 
NANO-SIZE SOLID ACID CATALYST FOR THE 







Long-term economic and environmental concerns have initiated the 
development of clean technologies in transportation fuel sector which is 
currently still strongly dependent on petroleum. The depletion of petroleum 
reserves, as well as its increasingly expensive price and the net increase of 
greenhouse gas emission produced from its combustion have triggered 
extensive researches in the past decades to study the possibility of using 
renewable resources to replace petroleum as feedstock of liquid fuels.218 
Biomass is particularly attractive due to its abundance, inexpensive price, and 
very low net greenhouse emissions.219 This interest is compounded by the 
recently emerging global scenario of biorefinery, in which biomass is utilized 
as the carbon source to produce chemicals and fuels.220-222 Bioethanol is 
considered as a promising substitute or octane-booster additive to petroleum-
based gasoline.223 The first major step of bioethanol production is the 
hydrolysis of the saccharides fraction in biomass into their corresponding 
sugar monomers. Thereafter, the sugars can be efficiently converted into 
ethanol using the well-established microbial fermentation process. Thus, the 
conversion of saccharides into fermentable sugars represents a key technology 
in the production of bioethanol. Starch feedstocks are preferred for bioethanol 
production as they are rich in sugars and can be readily hydrolyzed.1 Recently, 
lignocellulosic biomass has been viewed as a more sustainable alternative 
feedstock due to its abundance and cheap price.224,225 In particular, it is very 
attractive to utilize lignocellulosic biomass originated from agricultural waste. 
Oil palm empty fruit bunch (PEFB) is solid residue produced from palm oil 
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industry with vast availability and no economic utilization.114 Incineration of 
PEFB is traditionally practiced, leading to pollution hazard.30 The use of 
PEFB thus allows for sustainable and low-cost bioethanol production, and 
concurrently avoid the disposal problem.31 
 
Hydrolysis of saccharides is typically performed using acid or enzyme. Due to 
its inexpensive price, acid catalyst is regarded as a more economic option.11 
Conventional acid hydrolysis with liquid acid requires inefficient and 
troublesome acid neutralization step and leads to corrosion and environmental 
problems.31,226,227 Heterogeneous catalysis has the potential to overcome the 
drawbacks, allowing for reduction of capital and operational costs with 
minimal environmental impact.20,194,228 Nevertheless, the reported 
heterogeneous acid catalysts for hydrolysis of saccharides have been thus far 
unsatisfactory with low sugar yields. H-Mord-12 zeolite, Dowex 50x8-100, 
and HNbMoO6 metal oxide ion-exchange resin gave low glucose yield (18%, 
35%, and 45%, respectively) for the hydrolysis of starch.136,137 Alumina-
incorporated mesoporous silicas (Al-SBA-15 and Al-MCM-41), metal oxides 
(γ-Al2O3 and Nb2O5), clay (K10), and zeolites showed low xylose yield (5-
41%) for the hydrolysis of xylan.138 HNbMoO6 metal oxide and Amberlyst 35 
ion-exchange resin afforded glucose yields of 41% and 78%, respectively, for 
the hydrolysis of cellobiose.137,140  The underlying paucities of the solid acid 
catalysts are attributed to the low density of the acid sites138 or mass transfer 
restriction of the porous materials.136-138,140 In porous materials, the active 
catalytic sites are restricted inside the pore systems. Severe mass transfer 
limitation occurs during the transport of the saccharide chains into the pores, 
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leading to poor contact between the substrate and the catalytic sites.20 
Therefore, a catalytic system which provides high acid capacity and enhanced 
contact between the substrate and the catalysts is highly desirable. 
 
In recent years, the utilization of magnetic nanoparticles (MNPs) as catalyst 
support has been of growing interest due to their distinctive properties. The 
nano-size of the particles allows for good dispersibility and high mass transfer 
efficiency to achieve high catalytic activity.34,36-38 Moreover, the magnetic 
property of the particles enables their facile recovery under a magnetic field to 
facilitate the catalyst recycling.32,33,35 Sulfonic acid was supported on silica-
coated cobalt ferrite MNPs196 and on polystyrene-coated iron oxide MNPs197 
as catalyst for a hydrolytic and a condensation reaction, respectively. 
Previously in Chapter 3, we developed novel core-shell structured SO3H-
PGMA-MNPs with a core of iron oxide MNPs, a poly(glycidyl methacrylate) 
(PGMA) shell, and sulfonic acid (SO3H) surface functions as catalyst for 
esterification of free fatty acid in the two-step biodiesel production from 
grease.213 In Chapter 4, we reported novel core-shell structured HPW-PGMA-
MNPs with a core of iron oxide MNPs, a PGMA shell, and phosphotungstic 
acid (HPW) surface functions as catalyst for one-pot production of biodiesel 
from grease via simultaneous esterification and transesterification.229 We 
envisioned that our magnetic nano-size solid acid catalyst would be suitable 
for the hydrolysis of saccharides for the production of bioethanol, providing 
both high acid capacity and facile access of the catalyst to the substrate. The 
acid sites of the catalyst are located on the nanoparticles surface, thus being 
well exposed to promote effective scission of the saccharide chains and afford 
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high sugar yield. In this chapter, the SO3H-PGMA-MNPs were examined as 
magnetic nano-size solid acid catalyst for hydrolysis of saccharides and PEFB 
into sugar in the production of bioethanol. The catalytic performance was also 
compared with the well-known sulfonic acid-functionalized ion exchange 






Starch (≥99.0%), D-(+)-maltose (monohydrate, ≥99%), xylan (≥90%), 
cellulose (Avicel PH-101, 50 µm), D-(+)-cellobiose (≥98), D-(+)-glucose 
(≥99.5%), D-(+)-xylose (≥99%), 1-butyl-3-methylimidazolium chloride 
(BMIMCl, ≥98.0%), Amberlyst 15 (hydrogen form, dry, 16-50 mesh), 
potassium sodium tartrate (≥99.0%), sodium hydroxide (≥98%), phenol 
(∼99%), sodium sulfite (≥98%), and Glucose (GO) Assay Kit were purchased 
from Sigma-Aldrich. Nafion NR50 was bought from Alfa Aesar. 3,5-
dinitrosalicylic acid was purchased from Merck. Deionized (DI) and ultrapure 
(UP) water were obtained from Millipore Elix water purification system. 
PEFB (1 mm) with composition of 34.3 ± 0.6% glucan, 21.8 ± 0.3% xylan, 
21.5 ± 0.4% Klason lignin, and 22.4 ± 1.0% others from Wilmar International 





5.2.2 Hydrolysis of saccharides in water by solid acid catalysts 
 
SO3H-PGMA-MNPs, Amberlyst 15, or Nafion NR50 (10 mg) were mixed 
with saccharides (1 or 10 mg) and DI water (1 mL) in a closed-capped tube 
(Sigma-Aldrich) equipped with magnetic stirrer. The mixture was stirred at 
100-145 °C (corresponding vapor pressure ca. 1.0-4.1 bar) in a silicon oil bath 
heated by a magnetic stirring hotplate with temperature sensor (Heidolph) for 
0.5-16 h. After reaction, the mixture was centrifuged at 16700 g for 10 min 
and the supernatant was taken for 3,5-dinitrosalicylic acid (DNS) assay and 
HPLC analysis. 
 
5.2.3 Hydrolysis of saccharides in ionic liquid by SO3H-PGMA-MNPs 
 
SO3H-PGMA-MNPs (10 mg) were mixed with saccharides (1 or 10 mg), DI 
water (4 µL), and 1-butyl-3-methylimidazolium chloride (1 mL) in a closed-
capped tube (Sigma-Aldrich) equipped with magnetic stirrer. The mixture was 
stirred at 100-145 °C (corresponding vapor pressure ca. 1.0 bar) in a silicon oil 
bath heated by a magnetic stirring hotplate with temperature sensor (Heidolph) 
for 2 h - 6 days. After reaction, the product was mixed with DI water (0.272 
mL), centrifuged at 16700 g for 10 min, and the supernatant was taken for 





5.2.4 Determination of total reducing sugar yield by DNS assay 
 
The total reducing sugar (TRS) concentration of the hydrolysis product was 
quantitatively determined by 3,5-dinitrosalicylic acid (DNS) assay.230 A 
mixture of 0.125 mL of DNS reagent and 0.125 mL of product sample was 
heated at 95 °C for 5 min, cooled to room temperature, and mixed with 1 mL 
of DI water. The color intensity of the mixture was recorded at 540 nm using a 
Hitachi U-1900 UV-Vis spectrophotometer. The amount of sugars was 
determined using a standard curve obtained with glucose. The TRS yield was 
calculated by comparing the sugar concentration of the sample and the 
theoretical yield. 
 
5.2.5 Determination of fermentable sugar yield by HPLC analysis 
 
The xylose and glucose concentrations of the hydrolysis product in water were 
quantitatively analyzed using an Agilent 1200 Series HPLC system equipped 
with a refractive index detector (RID) and an Aminex HPX-87 H column 
(Bio-Rad, 300 mm × 7.8 mm × 10 µm). The column and detector temperature 
was 60 °C and 55 °C, respectively. The mobile phase was 4 mM H2SO4 with 
flow rate of 0.6 mL/min. Retention time: 9.0 min for glucose and 9.6 min for 
xylose. The product yield was calculated by comparing the xylose or glucose 





5.2.6 Determination of glucose yield by glucose assay kit 
 
The glucose concentration of the hydrolysis product in ionic liquid was 
quantitatively analyzed by glucose assay kit. A mixture of 0.5 mL of assay 
reagent and 0.25 mL of product sample was heated at 37 °C for 30 min and 
then mixed with 0.5 mL of H2SO4 (12 N). The color intensity of the mixture 
was recorded at 540 nm using a Hitachi U-1900 UV-Vis spectrophotometer. 
The amount of glucose was determined using a standard curve obtained with 
glucose. The glucose yield was calculated by comparing the glucose 
concentration of the sample and the theoretical yield. 
 
5.2.7 Recycling of SO3H-PGMA-MNPs in hydrolysis of saccharides  
 
SO3H-PGMA-MNPs (10 mg) were mixed with saccharides (10 mg) and DI 
water (1 mL) in a closed-capped tube (Sigma-Aldrich) equipped with 
magnetic stirrer. The mixture was stirred at 145 °C (corresponding vapor 
pressure ca. 4.1 bar)  in a silicon oil bath heated by a magnetic stirring 
hotplate with temperature sensor (Heidolph) for 4-7 h. After reaction, the 
catalyst was separated from the reaction mixture, washed with DI water (1 
mL) twice and ethanol (1 mL) once, and air-dried. The catalysts were then 





5.3 Results and Discussion 
 
5.3.1 Hydrolysis of starch by SO3H-PGMA-MNPs  
 
Starch, a polymer of glucose linked by α-glycosidic bonds, is the feedstock for 
the first-generation bioethanol production. The hydrolysis of starch into 
glucose is one of the primary processes to obtain sugar from seed and root of 
the plants. Although large-scale glucose production from starch could be 
performed by amylase and liquid acid, the enzymatic hydrolysis is costly and 
homogeneous acidic hydrolysis suffers from corrosion, pollution, difficult 
neutralization, and no reusability problems.231,232 In the present study, SO3H-
PGMA-MNPs were used as nano-size solid acid catalysts for the hydrolysis of 
starch to produce glucose. Figure 5.1 shows the time course of glucose and 
total reducing sugar (TRS) yield on the hydrolysis of starch by SO3H-PGMA-
MNPs with a substrate concentration of 10 mg/mL, catalyst concentration of 
10 mg/mL, and at 145 °C. The starch hydrolysis proceeded fast within the first 
4 h and then become slower as it approached 7 h. The difference between TRS 
and glucose yield at 2 and 4 h is due to maltooligomers produced from 
uncomplete hydrolysis of starch, which also responded positively towards 
DNS assay. From 7 h onwards, the sugar yield was similar to the glucose 
yield, indicating that the maltooligomers have been further hydrolyzed into 
glucose. Within 7 h, glucose was produced in 82% yield. The glucose yields 
achieved by the other reported solid acid catalysts were considerably lower, 
which are 18%, 35%, and 45% for H-Mord-12 zeolite, Dowex 50x8-100 resin, 





Figure 5.1 Hydrolysis of starch in water by SO3H-PGMA-MNPs. Reaction 
conditions: substrate concentration of 10 mg/mL, catalyst concentration of 10 
mg/mL, and 145 °C. TRS: total reducing sugars. 
 
The activity of SO3H-PGMA-MNPs was compared with the well known ion-
exchange resins Amberlyst 15 and Nafion NR50 by performing the hydrolysis 
of starch using the catalysts at identical reaction conditions. Figure 5.2 shows 
the rates and turnover frequencies (TOFs) determined at the first 2 h reaction 
time. The TOFs were calculated by dividing the rates by acid capacities of the 
catalysts. As can be seen, SO3H-PGMA-MNPs showed significantly better 
performance compared to Amberlyst 15 and Nafion NR50. Nafion NR50 
showed marginal activity due to the low acid capacity (0.9 mmol g-1). 
Amberlyst 15, despite of its high acid capacity (4.1 mmol g-1), gave 10 times 
slower initial rate and 18 times lower TOF compared to SO3H-PGMA-MNPs 
(2.3 mmol g-1). Compared to the porous Amberlyst 15, the higher efficiency of 
SO3H-PGMA-MNPs in cleaving the α-glycosidic bonds in starch is due to the 
better access of the substrate molecules to the acid sites. Moreover, the small 
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size of the particles allows better dispersibility and more intensive contact 
between the substrate and the catalyst. 
 
 
Figure 5.2 Hydrolysis of starch in water by solid acid catalysts. Reaction conditions: 
substrate concentration of 10 mg/mL, catalyst concentration of 10 mg/mL, and 145 
°C for 2 h. 
 
The use of solid acid catalyst for hydrolysis of starch allows for a more cost-
effective process by reusing the catalyst. The recyclability of SO3H-PGMA-
MNPs in starch hydrolysis was examined with a substrate concentration of 10 
mg/mL, catalyst concentration of 10 mg/mL, and at 145 °C for 7 h. As can be 
seen in Figure 5.3, SO3H-PGMA-MNPs showed no loss of productivity after 






Figure 5.3 Recycling and reuse of SO3H-PGMA-MNPs catalyst for hydrolysis of 
starch in water. Reaction conditions: substrate concentration of 10 mg/mL, catalyst 
concentration of 10 mg/mL, and 145 °C for 7 h. 
 
5.3.2 Hydrolysis of xylan by SO3H-PGMA-MNPs  
 
Hemicellulose is one of the main substrate for the production of second-
generation bioethanol.121 The most important hemicellulose is xylan, which is 
a xylose polymer joined by β-glycosidic bonds.233 The performance of SO3H-
PGMA-MNPs was examined for hydrolysis of xylan into xylose. Figure 5.4 
illustrates the time course of xylose and TRS production over the SO3H-
PGMA-MNPs with a substrate concentration of 10 mg/mL, catalyst 
concentration of 10 mg/mL, and at 145 °C. In the reaction within 2 h, the 
yields of hydrolysis products increased with reaction time and finally reached 
their maxima. At 0.5 and 1 h, the measured TRS yield is higher than the 
xylose yield, indicating that some xylooligomers were produced. The yield of 
xylooligomers at 0.5 h was around 18%, after which they gradually declined 
due to their further hydrolysis to xylose. The xylose formation increased 
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linearly up to 1.5 h and reached 67% after 2 h. Lower xylose yields were 
reported from hydrolysis of xylan catalyzed by other solid acid catalysts such 
as Al-SBA-15 (5%), Al-MCM-41 (15%), γ-Al2O3 (20%), Nb2O5 (20%), K10 
clay (28%), HMOR (37%), HBeta (38%), and HUSY zeolite (41%).138 In 
addition, a high pressure up to 50 atm needs to be employed in that reaction 




Figure 5.4 Hydrolysis of xylan in water by SO3H-PGMA-MNPs. Reaction 
conditions: substrate concentration of 10 mg/mL, catalyst concentration of 10 
mg/mL, and 145 °C. 
 
Furthermore, the SO3H-PGMA-MNPs performance was compared with 
Amberlyst 15 and Nafion NR50. The hydrolysis of xylan was performed using 
the catalysts at identical reaction conditions for 30 min and the results are 





Figure 5.5 Hydrolysis of xylan in water by solid acid catalysts. Reaction conditions: 
substrate concentration of 10 mg/mL, catalyst concentration of 10 mg/mL, and 145 
°C for 30 min. 
 
SO3H-PGMA-MNPs again exhibited highest catalytic performance among the 
other solid acid catalysts. Compared with Amberlyst 15, SO3H-PGMA-MNPs 
have more than 3-fold higher reaction rate and almost 6-fold higher TOF. 
Compared with Nafion NR50, SO3H-PGMA-MNPs have almost 9-fold higher 
reaction rate and more than 3-fold higher TOF. This indicates the higher 
efficiency of SO3H-PGMA-MNPs in breaking the β-glycosidic bonds in 
xylan, attributable to its high acid capacity and facile accessibility of the 
substrate into the abundant acid sites located on the nanoparticles surface. The 
low TOF of Amberlyst 15 probably indicates the higher extent of diffusion 
limitation encountered during transport of the substrate molecules into its 
porous system, as compared to those of the non-porous resin Nafion NR50 and 




5.3.3 Hydrolysis of cellobiose by SO3H-PGMA-MNPs  
 
Cellulose and hemicellulose typically constitute up to two thirds of biomass, 
thus recognized as potential renewable sources of sugars for the production of 
second-generation bioethanol. Cellobiose is a subunit of cellulose which 
consists of two glucose molecules linked by β-glycosidic bond. The β-
glycosidic bond in cellobiose and cellulose is more stable than the α-
glycosidic bond comprising starch and thus more resistance towards 
hydrolysis.139 The activity of SO3H-PGMA-MNPs as nano-size solid acid 
catalyst was investigated for cleaving the β-glycosidic bond in cellobiose to 
produce glucose. Figure 5.6 shows the time course of cellobiose hydrolysis 
over SO3H-PGMA-MNPs with a substrate concentration of 10 mg/mL, 
catalyst concentration of 10 mg/mL, and at 145 °C. The SO3H-PGMA-MNPs 
exhibited high hydrolytic performance, in which the concentration of 
cellobiose decreased rapidly following the onset of reaction. Within 4 h, 
almost all cellobiose was effectively consumed. The corresponding glucose 
yield achieved after 4 h reaction was 96%. The SO3H-PGMA-MNPs 
performance for hydrolysis of cellobiose is better than the other solid acid 
catalysts such as HNbMoO6 and Amberlyst 35 which have been reported to 




Figure 5.6 Hydrolysis of cellobiose in water by SO3H-PGMA-MNPs. Reaction 
conditions: substrate concentration of 10 mg/mL, catalyst concentration of 10 
mg/mL, and 145 °C. 
 
Comparison of catalytic performance between SO3H-PGMA-MNPs and the 
reference solid acid catalysts for hydrolysis of cellobiose was conducted with 
a substrate concentration of 10 mg/mL, catalyst concentration of 10 mg/mL, 
and at 145 °C. Figure 5.7 illustrated the initial rates and TOFs determined at 
30 min reaction. Nafion NR50 showed the lowest activity, whereas Amberlyst 
15 demonstrated 3.5 times slower initial rate and 6.2 times lower TOF 
compared to SO3H-PGMA-MNPs. Although Amberlyst 15 possesses an 
average pore size of 36 nm, the transport of cellobiose molecules with length 
of ca. 1.03 nm into the resin pores still encounters diffusion limitation.20 
Conversely, SO3H-PGMA-MNPs provide better contact between the catalyst 
sites and the substrate, thus translating to higher hydrolytic performance for 
splitting the β-glycosidic bonds in cellobiose. Moreover, the dispersibility of 
SO3H-PGMA-MNPs in the reaction system was much better than that of 




Figure 5.7 Hydrolysis of cellobiose in water by solid acid catalysts. Reaction 
conditions: substrate concentration of 10 mg/mL, catalyst concentration of 10 
mg/mL, and 145 °C for 30 min. 
 
The reusability of SO3H-PGMA-MNPs for cellobiose hydrolysis was 
investigated with a substrate concentration of 10 mg/mL, catalyst 
concentration of 10 mg/mL, and at 145 °C for 4 h. As shown in Figure 5.8, 
SO3H-PGMA-MNPs retained 98% productivity at the third cycle, thus 
demonstrating its stability and reusability. 
 
 
Figure 5.8 Recycling and reuse of SO3H-PGMA-MNPs catalyst for hydrolysis of 
cellobiose in water. Reaction conditions: substrate concentration of 10 mg/mL, 
catalyst concentration of 10 mg/mL, and 145 °C for 4 h. 
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5.3.4 Hydrolysis of PEFB by SO3H-PGMA-MNPs in water 
 
PEFB structurally comprises of cellulose, hemicellulose (mainly consist of 
xylan), and lignin. Without a profitable utilization of the hemicellulose 
fraction, the cost of ethanol derived from biomass is too high to compete in 
commercial markets.121,225 As such, it is of major importance to convert the 
hemicellulose in biomass into fermentable sugar. In this study, SO3H-PGMA-
MNPs were used to catalyze the hydrolysis of xylan in PEFB. The influence of 
reaction temperature was examined in the range 100-145 °C by performing the 
hydrolysis of PEFB in water with a substrate concentration of 10 mg/mL and 




Figure 5.9 Hydrolysis of PEFB in water by SO3H-PGMA-MNPs at different reaction 
temperature with a substrate concentration of 10 mg/mL and catalyst concentration of 




It was observed that reaction temperature has a major effect on the hydrolysis 
reaction, in which high temperature is favorable to improve the hydrolysis 
rate.233 There is an increase of xylose production rate from 100 °C to 125 °C. 
Notably, the rate is substantially increased at 145 °C, being more than 63 
times higher than that at 100 °C. This is possibly due to the increased 
solubility of hemicellulose in water at elevated temperature which enhances its 
susceptibility towards hydrolysis.234  
 
The time course of the PEFB hydrolysis in water using SO3H-PGMA-MNPs 
with a substrate concentration of 10 mg/mL, catalyst concentration of 10 
mg/mL, and at 145 °C is shown in Figure 5.10. The hydrolysis of xylan in 
PEFB to xylose proceeds progressively with reaction time, achieving a 85% 
xylose yield within 7 h. At the end of 10 h, the xylose yield was 86%. Glucose 
formation was also observed as product of hydrolysis of the cellulose fraction 
in PEFB. The cellulose hydrolysis rate was much slower, reaching a 10% 
glucose yield after 7 h. This is due to the crystalline structure of cellulose 
which imposes high restrictions to hydrolysis.116 The TRS yield at 7 h was 
41% since large amount of the cellulose was not hydrolyzed. Analysis of the 
remaining solid fraction of PEFB after hydrolysis showed no detectable xylan, 
indicating that the xylan has been completely hydrolyzed. The glucan content 
was analyzed to be 31% based on the initial mass of PEFB, which is in good 
correlation with the mass balance calculation by considering 10% glucose 





Figure 5.10 Hydrolysis of PEFB in water by SO3H-PGMA-MNPs. Reaction 
conditions: substrate concentration of 10 mg/mL, catalyst concentration of 10 
mg/mL, and 145 °C. 
 
To improve the process economy, the possibility of utilizing lower 
concentration of catalyst and higher concentration of substrate was examined. 
Table 5.1 summarizes the result of PEFB hydrolysis performed at 145 °C for 7 
h with varied concentrations of substrate and catalyst. As shown in entries 1-2 
of Table 5.1, decreasing the concentration of catalyst resulted in decrease of 
xylose yield, which is due to the decrease of hydrolysis rate.235 A xylose yield 
of 85% was achieved from hydrolysis of 10 mg/mL PEFB in water by using 
10 mg/mL SO3H-PGMA-MNPs (entry 2). Entry 3 showed that the process 
productivity was improved, as 73% xylose yield was obtained by using 
substrate concentration of 25 mg/mL. However, entry 4 showed that further 
increase of substrate concentration to 50 mg/mL decreased the xylose yield, 
indicating that the hydrolysis was less effective when such concentrated PEFB 












1 10 1 3 
2 10 10 85 
3 25 10 73 
4 50 10 18 
 
Further, the catalytic performance of SO3H-PGMA-MNPs was compared with 
those of Amberlyst 15 and Nafion NR50 by performing hydrolysis of PEFB 
using the solid acid catalysts at identical reaction conditions. Figure 5.11 
presents the results as rates and TOFs after 2 h reaction. The SO3H-PGMA-
MNPs demonstrated the highest catalytic activity among the solid acid 
catalysts tested. The reaction rate was almost four- and eleven-time higher 
than those of Amberlyst 15 and Nafion NR50, respectively. The TOF was 
seven- and four-time higher than those of Amberlyst 15 and Nafion NR50, 
respectively. In the reaction system, the interactions between the PEFB 
particles and the millimeter-size resins Amberlyst 15 (0.85 mm) and Nafion 
NR50 (2.4 mm) are very limited. In contrast, the nanometer-size SO3H-
PGMA-MNPs (90 nm) allows for high dispersibility and facile access of the 
substrate to the active acid sites on the nanoparticles surface, leading to higher 





Figure 5.11 Hydrolysis of PEFB in water by solid acid catalysts. Reaction 
conditions: substrate concentration of 10 mg/mL, catalyst concentration of 10 
mg/mL, and 145 °C for 2 h. 
 
The use of liquid acid for PEFB hydrolysis incurs wasteful, energy-inefficient, 
and costly processes for the separation and treatment of the waste acid. The 
use of recyclable solid acid catalyst allows for a more environmentally 
sustainable approach and offers the possibility of catalyst recycling. The 
recyclability of SO3H-PGMA-MNPs for hydrolysis of PEFB was tested with a 
substrate concentration of 10 mg/mL, catalyst concentration of 10 mg/mL, and 
at 145 °C for 7 h, and the result is presented in Figure 5.12. The catalyst was 





Figure 5.12 Recycling and reuse of SO3H-PGMA-MNPs catalyst for hydrolysis of 
PEFB in water. Reaction conditions: substrate concentration of 10 mg/mL, catalyst 
concentration of 10 mg/mL, and 145 °C for 7 h. 
 
5.3.5 Hydrolysis of PEFB by SO3H-PGMA-MNPs in ionic liquid 
 
One of the major components in PEFB is cellulose, which is a glucose 
polymer linked via β-glycosidic bonds. Cellulose is water insoluble and 
resistant to depolymerization due to its highly crystalline structure caused 
from its extensive inter- and intra-molecular hydrogen bonds. The main 
challenge for obtaining sugar from cellulose is to degrade the stable crystalline 
structure and decrease the degree of polymerization.236,237 Recently, ionic 
liquid has been demonstrated to have good solvating capabilities for 
cellulose.128,238 In present study, the possibility of depolymerizing the 
cellulose fraction in PEFB by SO3H-PGMA-MNPs was examined by utilizing 
1-butyl-3-methylimidazolium chloride (BMIMCl) ionic liquid as the reaction 
medium and the corresponding results are tabulated in Table 5.2. The glucose 
yield was calculated by comparing the glucose concentration of the sample 
150 
 
and the theoretical yield. The TRS yield was calculated by comparing the TRS 
concentration of the sample and the theoretical yield.  
 













1 Cellulose 10 10 BMIMCl 100 2 3 14 
2 Cellulose 10 10 Water 100 2 0.3 0.4 
3 PEFB 10 10 BMIMCl 100 4 1 19 
4 PEFB 10 10 Water 100 4 1 4 
5 PEFB 10 10 BMIMCl 145 4 3 25 
6 PEFB 10 10 BMIMCl 145 72 18 68 
7 PEFB 10 1 BMIMCl 145 72 16 64 
 
In BMIMCl, a TRS yield of 14% from hydrolysis of cellulose was obtained 
within 2 h at 100 °C (entry 1). The glucose yield was 3%, suggesting that the 
major product was cellooligomers resulted from depolymerization of the 
cellulose. Comparatively, hydrolysis carried out in water afforded 
substantially fewer reducing sugars (entry 2). This demonstrated that BMIMCl 
is a better reaction medium for hydrolysis of cellulose. The formation of 
hydrogen bonding between hydroxyl groups of cellulose and chloride anions 
of BMIMCl was effective to disrupt the strong hydrogen bonds in cellulose 
and helps the dissolution process.128 In this manner, the catalyst was more 
accessible to the β-glycosidic linkages, thus making the hydrolysis to proceed 
more efficiently.239 On the contrary, cellulose cannot be dissolved in water and 
the hydrolysis may only occur on its surface. Accordingly, entries 3 and 4 
showed a favorable effect of using BMIMCl as reaction medium for 
depolymerizing cellulose in PEFB. A TRS yield of 19% and a glucose yield of 
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3% were attained from hydrolysis of PEFB in BMIMCl within 4 h at 100 °C 
(entry 3). Comparison between entries 3 and 5 suggested that higher reaction 
temperature improves the hydrolysis rate. Entry 6 showed that by using 
catalyst concentration of 10 mg/mL, hydrolysis of PEFB in BMIMCl gave 
18% glucose yield and 68% TRS yield after 72 h. Experiment with reduced 
catalyst concentration (1 mg/mL) under otherwise identical conditions was 
carried out, which gave a comparable result of 16% glucose yield and 64% 
TRS yield (entry 7).  
 
The time course of PEFB hydrolysis in BMIMCl was carried out with 
substrate concentration of 10 mg/mL, catalyst concentration of 1 mg/mL, and 
145 °C, and the result is presented in Figure 5.13. The hydrolysis of cellulose 
in PEFB proceeded linearly within the first 3 days, after which it started to 
reach the plateau. At 6 days, the glucose and TRS yield attained were 28% and 
80%, respectively, implying that majority of the hydrolysis product was 
cellooligomers. This result shows that SO3H-PGMA-MNPs can efficiently 
depolymerize the cellulose in PEFB by using IL as the reaction medium. 
Analysis of the remaining solid fraction of PEFB after hydrolysis showed no 






Figure 5.13 Hydrolysis of PEFB in BMIMCl by SO3H-PGMA-MNPs. Reaction 
conditions: substrate concentration of 10 mg/mL, catalyst concentration of 1 mg/mL, 




In summary, SO3H-PGMA-MNPs were demonstrated to exhibit high catalytic 
performance as magnetic nano-size solid acid catalyst for hydrolysis of 
saccharides to fermentable sugars in bioethanol production. It afforded 82% 
glucose yield from hydrolysis of starch, 67% xylose yield from hydrolysis of 
xylan, 96% glucose yield from hydrolysis of cellobiose, 86% xylose yield 
from hydrolysis of PEFB in water, and 80% total reducing sugar yield from 
hydrolysis of PEFB in ionic liquid 1-butyl-3-methylimidazolium chloride. 
Furthermore, the catalyst was demonstrated to be stable and recyclable, 
retaining 100% productivity during 3 cycles of starch hydrolysis, 98% 
productivity during 3 cycles of cellobiose hydrolysis, and 81% productivity 
during 2 cycles of PEFB hydrolysis. The catalyst showed much better catalytic 
performance compared to the other solid acid catalysts such as Amberlyst 15 
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and Nafion NR50 due to its high acid capacity and nano-size. This work 
proves the generality of the applicability of the magnetic nano-size solid acid 
catalyst developed. Furthermore, the magnetic nano-size solid acid catalyst 
enables environmentally benign utilization of lignocellulosic biomass such as 



















The increasing energy and fuel demand, crude oil reserves crisis, and 
environmental regulation have increased attention toward biofuel as a 
renewable and cleaner alternative to petroleum-based fuel. Acid catalysts have 
been widely used for the key reactions in biofuel production such as the 
production of biodiesel and the pretreatment of lignocellulosic biomass. While 
homogeneous acid catalysts are impractical due to the problems of corrosion, 
pollution, complex neutralization, difficult separation, and non-reusability, 
heterogeneous solid acid catalysts could offer environmentally benign process 
and allow for catalyst recycling. However, the reported heterogeneous acid 
catalysts have been thus far unsatisfactory, due to diffusional limitation of 
porous materials or the low acid loading and mass transfer limitation of the 
large size carriers. In this thesis, novel acid-functionalized magnetic 
nanoparticles (MNPs) were successfully developed as active and recyclable 
solid acid catalysts for the efficient production of biofuel with good 
dispersibility, high acidity, and simple magnetic separation.  
 
Waste grease containing triglycerides and free fatty acid (FFA, 15-40 wt%) is 
non-edible and cheap, thus being a very attractive feedstock for biodiesel 
production. However, there is a technical challenge: the commonly used base-
catalyzed process is not applicable due to the high FFA content in grease. 
Grease may be pretreated via an acid-catalyzed esterification of FFA into 
FAME, followed by a base-catalyzed transesterification of the remaining 
triglycerides into FAME. We developed, for the first time, active and 
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recyclable magnetic nano-size solid acid catalyst SO3H-PGMA-MNPs for 
efficient esterification of FFA in grease with methanol to produce biodiesel. 
The SO3H-PGMA-MNPs catalyst consisting of a core of iron oxide MNPs, a 
poly(glycidyl methacrylate) (PGMA) shell, and sulfonic acid (SO3H) groups 
on the surface was prepared in 98% yield from PGMA-MNPs, with a mean 
size of 90 nm and acid capacity of 2.3 mmol g−1. Esterification of FFA (16 
wt%) in grease with methanol using this catalyst gave 96% conversion of FFA 
to FAME. The catalyst was easily separated under a magnetic field and 
showed no loss of productivity during 10 cycles. The catalytic performance 
was much better than those of other known heterogeneous acid catalysts such 
as Amberlyst 15. The developed magnetic nano-size solid acid catalyst 
enables the efficient esterification of FFA, allowing for a low-cost two-step 
process for producing biodiesel from waste grease. 
 
A novel, active, and recyclable magnetic nano-size solid acid catalyst HPW-
PGMA-MNPs was developed for the high-yielding transformation of waste 
grease to biodiesel via simultaneous esterification of FFA and 
transesterification of trigyceride with methanol in one pot. The HPW-PGMA-
MNPs catalyst consisting of iron oxide MNPs as the core, PGMA as the shell, 
and phosphotungstic acid (HPW) as the surface acid groups was prepared in 
93% yield from PGMA-MNPs, with a mean size of 90 nm and acid capacity 
of 1.13 mmol g−1. One-pot transformation of grease (21.3 wt% FFA) with 
methanol using HPW-PGMA-MNPs gave 98% FAME yield, with 96% 
conversion for the esterification and >98% conversion for the 
transesterification. The catalyst was easily separated from the reaction mixture 
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under magnetic field and reused for further cycles of transformation, retaining 
95% productivity in the 10th reaction cycle. The catalyst demonstrated much 
better performance than other solid acid catalysts such as Amberlyst 15, 
Purolite CT-275, and zeolite. The developed magnetic nano-size solid acid 
catalyst is potentially useful for the green and economic production of 
biodiesel from waste grease.  
 
Lignocellulosic biomass is a sustainable and abundant feedstock for the 
production of bioethanol and other chemicals. A key challenge in utilizing 
lignocellulosic biomass is its hydrolysis to fermentable sugars. Conventional 
acid hydrolysis with liquid acids suffer from corrosion and environmental 
problems, and solid acid catalysts give notably lower activity due to the low 
density of the acid sites and the poor mass transfer efficiency. It is 
advantageous to use nano-size solid acid catalyst to enhance the contact 
between biomass and catalyst. In this thesis, magnetic nano-size solid acid 
catalyst SO3H-PGMA-MNPs were explored for the hydrolysis of biomass and 
demonstrated high catalytic performance, giving 86% xylose yield from the 
hydrolysis of palm empty fruit bunch (PEFB) and 80% total sugar yield from 
the hydrolysis of PEFB in ionic liquid. The catalyst was magnetically 
separable from the reaction mixture and retained 81% productivity in the 2nd 
cycle of PEFB hydrolysis. It showed much better performance compared to 
other solid acid catalysts such as Amberlyst 15 and Nafion NR50. The 
magnetic nano-size solid acid catalyst is potentially useful for environmentally 
benign utilization of lignocellulosic biomass such as PEFB. In addition, the 
nano-size solid acid catalyst SO3H-PGMA-MNPs is useful for the hydrolysis 
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of starch to glucose, giving 82% glucose yield and retaining 100% 
productivity in the 3rd reaction cycle. 
 
In this thesis, novel solid acid catalysts with nano-size, high acid capacity, 
activity, and recyclability were successfully developed for the production of 
biodiesel and the hydrolysis of lignocellulosic biomass. The developed 
catalysts showed superior advantages compared to the conventional catalysts. 
The small size of the catalysts provides high surface area-to-volume ratio 
which enhances the catalyst accessibility and reduce mass transfer limitations 
which are commonly associated with other heterogeneous catalysts with large-
size solid support. Moreover, magnetic property of the catalysts enables 
effective recovery of the nano-size catalyst from the reaction mixture in the 
presence of external magnetic for recycling purpose, thus demonstrating the 
concept of magnetically separable nanoparticles as catalyst support.  
 
In Chapter 3, the SO3H-PGMA-MNPs was developed and shown to be a 
highly active catalyst for esterification of FFA for the two-step biodiesel 
production from grease. However, it showed very low activity for the 
transesterification of triglyceride in grease. In accordance with our long-
standing interest in using a one-pot process for biodiesel production from 
grease, we further focused on the development of solid acid catalysts for 
simultaneous esterification of FFA and transesterification of triglyceride. 
Therefore, in Chapter 4, HPW-PGMA-MNPs was developed and shown to 
exhibit excellent performance for simultaneous esterification of FFA and 
transesterification of triglyceride, thus allowing efficient one-pot biodiesel 
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production from grease. In Chapter 5, the application of SO3H-PGMA-MNPs 
was further extended for the hydrolysis of biomass. We envisioned that the 
magnetic nano-size solid acid catalyst would be suitable this purpose, 
providing both high acid capacity and facile access of the catalyst to the 
substrate. The catalyst demonstrated high catalytic performance for the 
hydrolysis of hemicellulose in PEFB to xylose, as the pretreatment step of the 
lignocellulosic biomass in the production of second-generation bioethanol. 
Moreover, the catalyst also showed high catalytic performance for the 
hydrolysis of starch to glucose for the production of first-generation 
bioethanol. These works proved the general applicability of the developed 




In this thesis, magnetic nano-size solid acid catalysts have been successfully 
developed for the efficient production of biodiesel from grease. The future 
works may focus to further study the scaling-up of the catalyst synthesis and 
biodiesel production, to make the system suitable for industrial setting. In 
addition, in view of the nano-size of the catalyst, it would be interesting to 
study the efficiency of the catalyst separation from a larger volume of reaction 
system or washing liquid. An industrial-scale high gradient magnetic 
separation (HGMS) equipment with stronger field strength could be utilized 




We have succeeded in demonstrating the high activity of SO3H-PGMA-MNPs 
for the hydrolysis of hemicelluloses in PEFB to allow for environmentally 
benign utilization of the lignocellulosic biomass. To improve the overall 
fermentable sugar yield from PEFB, the cellulose fraction should also be 
hydrolyzed. This is a challenging task as the cellulose has a robust crystalline 
structure with very high resistance towards hydrolysis.  The use of ionic liquid 
is a promising solution to effectively disrupt the strong hydrogen bonds in 
cellulose and enhance its susceptibility towards hydrolysis. Future works 
could be focused to improve the glucose yield from hydrolysis of cellulose in 
PEFB by systematically investigating the reaction conditions employed. A 
good washing technique also needs to be established to achieve high 
recyclability of the nano-size catalyst for this reaction. 
 
In this thesis, novel magnetic nano-size solid acid catalysts with good 
dispersibility, high acidity, and simple magnetic separation have been 
successfully developed and showed high activity and recyclability for the 
efficient production of biofuel. Moreover, the developed catalysts showed 
superior advantages compared to the conventional catalysts. The small size of 
the catalysts (ca. 90 nm) provides high surface area-to-volume ratio which 
enhances the catalyst accessibility and reduce mass transfer limitations which 
are commonly associated with other heterogeneous catalysts with large-size 
solid support. The future works may focus to optimize the developed catalyst 
to further enhance the catalyst performance. The catalyst size could be 
systematically reduced to study the effect on its dispersibility and activity.  
The nano-size of the catalyst lead to good dispersibility and high activity, 
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hence small size of the catalyst particles is desirable. However, during the 
synthesis of the catalyst, treatment with acid is involved. Acid is corrosive and 
may damage the magnetic core. Hence, the optimal size of the nanoparticles 
should be small enough to allow good dispersibility, while the coating material 
should be thick enough to protect the iron oxide core. The magnetic core is 
important to allow simple magnetic separation of the catalyst for recycling 
purpose. Other strong acids could also be explored as surface functional 
groups to provide high acidity of the catalyst which may lead to further 
increase of the catalyst performance. 
 
The increasing attention towards sustainable processes has substantiated the 
synthesis of environmentally friendly bio-based products in recent years. We 
have demonstrated that the developed magnetic nano-size solid acid catalysts 
exhibited high catalytic performance in the targeted reactions for the 
production of biofuels. For the future work, the developed catalysts may be 
applied for other reactions to obtain various bio-based products. For instance, 
the catalyst could be employed for esterification of fatty acid with polyalcohol 
to produce esters which are useful as biolubricant components.240 Such 
renewable, non-toxic, and biodegradable lubricant has seen significant market 
growth over the past few years.241,242 
 
The progressive production of biodiesel has led to large surplus of glycerol, 
which is the byproduct of biodiesel synthesis. Although glycerol has found 
applications in cosmetics, pharmaceutical, and food industries, it is forecasted 
that these conventional markets will not be able to absorb such production 
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surge.243 As such, research aiming to find new applications of glycerol is being 
actively performed. One promising option is the production of fuel 
bioadditives from glycerol via various synthetic routes. For example, the 
developed magnetic nano-size solid acid catalysts could be applied in the 
etherification of glycerol with isobutylene to produce mono-, di-, and tri-tert-
butyl glycerol ethers (MTBG, DTBG, and TTBG, respectively).244 The 
catalysts could be also employed in acetylation of glycerol with acetic acid to 
produce acetylglycerols.245 These glycerol-based compounds are valuable 
additives which lead to improved cold flow properties, better anti-knocking 
properties, and cleaner emission profile of the fuel.246,247 
 
Beside the synthesis of the bio-based products, the developed magnetic nano 
size solid acid catalysts could be also utilized for broader applications. For 
instance, in catalyzing the dihydroxylation of olefins to produce 1,2-diols, 
which are versatile intermediates in pharmaceuticals and agrochemicals 
industry.248 Vast applications of solid acid catalysts in industrial processes 
open up various opportunities for the utilization of the magnetic nano-size 
solid acid catalysts. 
  
We have demonstrated the concept of magnetically separable nanoparticles as 
catalyst support. The separation of nano-size solid catalyst could also be 
achieved by exploiting other types of force. Stimuli-sensitive polymer 
materials have been the subject of increasing attention over the last few 
decades on account of their interesting ability to recognize certain external 
environmental changes and give corresponding response by altering properties 
163 
 
such as shape, permeability, or color.249,250 Such stimuli-sensitive materials 
could be harnessed for the fabrication of the nano-size solid acid catalysts. 
Nano-size polymer with certain stimuli-sensitive behavior could be used as the 
template and further functionalized to allow for the attachment of the desired 
acid species. In particular, thermoresponsive polymers with upper critical 
solution temperature (UCST) behavior are attractive as the catalyst support. 
This type of polymers exhibits phase separation from the solution upon 
cooling due to changes in their conformation.251 As such, when elevated 
temperature is employed during reaction, the catalyst is soluble and well-
dispersed in the reaction medium. After reaction, the system temperature could 
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